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ABSTRACT 

The  following  report  is  the  Iasi  in  a  series  of  four 
describing  the  progress  and  results  of  “A  Jiesearcli  Study 
on  Internal  Corrosion  of  High  Pressure  Boilers."  The 
first  three  rejmrls  descrioed  the  background,  scojw,  and 
organization  of  the  program,  as  uvU  as  the  test  facility 
and  the  results  of  Phases  I,  II,  and  III.  This  final 
report  includes  the  results  of  the  eight  Phase  IV  tests 
and  a  discussion  of  (he  results  and  conclusmis  from  the 
entire  program. 

Phase  I  /  test  results  include  data  and  obserralious  ou 
plug'lype  corrosion  and  hydrogen  damage.  The  discussion 
of  results  describes  the  mechanisms  inrolred  in  these  types 
of  attack,  as  well  as  the  causes  of  caustic  gouging.  Obser¬ 
vations  ou  chemical  hideout  and  deposition  are  discussed 
in  addition  to  the  heat  transfer  and  fluid  flow  phenomena 
invoiced  in  uucleale  boiling  and  departure  fn  n  nucleate 
b<)iling. 
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The  Steering  Committee  is  pleased  to  present  this  final  report  to 
the  Sponsors. 
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The  goal  of  this  study  was  to  determine  the  cause  and  practical  pre¬ 
ventive  solution  for  the  type  of  internal  corrosion  commonly  exper¬ 
ienced  in  u^^s  operating  at  pressures  between  800  and  2600  psig.  It 
is  the  opinion  of  the  Steering  Conunittee  that  this  goal  has  been  me^s. 
in  every  sense. 


We  believe  that  the  results  obtained  by  Combustion  Engineering 
during  the  study  are  reliable  and  are  applicable  to  modern  power 
plant  practice.  We  wish  to  emphasize  that  the  conclueions  presented 
in  the  attached  report  are  unanimously  endorsed  b>  the  Steering  Com¬ 
mittee  and  that  we  place  a  great  confidence  in  the  work  that  supports 
them. 


Sincerely, 


J.  K.  Rice, 


J.  K.  Rice,  Chairman 
Steering  Committee 
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INTRODUCTION 

Previous  progress  reports  (1, 2,  3)  describe  the  back¬ 
ground  and  results  of  the  original  three-phase  research 
program.  Based  upon  these  results  and  the  success  of 
the  short  duration  screening  test  concept,  plans  for 
conducting  longer  term  tests  were  set  aside.  Phase  IV 
was,  therefore,  conducted  as  a  series  of  short  duration 
tests.  This  final  report  defines  the  results  of  Phase  IV, 
summarizes  the  previous  research,  and  presents  coti- 
clusions  drawn  from  the  entire  program. 

Table  I  summarizes  the  experimental  conditions  for 
Phases  II,  III,  and  IV  in  terms  of  boiler  water  treat¬ 
ment  and  contaminants  employed,  as  well  as  other  key 
variables  which  were  studied.  Throughout  Phase  IV, 
a  review  of  test  results  and  modification  of  test  con¬ 
ditions  were  carried  out  in  order  to  obtain  the  most 
meaningful  data  within  the  general  framework  of 
program  goals.  For  this  reason,  the  Phase  IV  con¬ 
ditions  listed  in  Table  I  vary  from  the  projected 
conditions  included  in  a  previous  report  (3).  In  ad^tion, 
the  program  was  expanded  by  one  test. 

The  first  progress  report  (1)  defined  the  goal  of  the 
corrosion  studies  as:  “to  determine  the  cause  and 
practical  preventive  solutions  for  the  type  of  internal 


corrosion  commonly  experienced  in  units  operating  at 
pressures  between  800  to  2600  psig”.  Three  categories 
of  attack  were  listed  as  being  of  mtgor  interest: 

1.  Ductile  gouging  or  pitting  attack 

2.  Hydrogen  damage  or  embrittloment 

3.  Plug-type  oxidation 

All  three  types  of  attack  were  reproduced  and 
studied  during  testing.  Causes  have  been  defined  and 
preventive  solutions  are  suggested  by  the  data.  In 
addition,  pertinent  data  on  and  observations  relating 
to  deposition,  chemical  hideout,  heat  tranter,  and  the 
phyrical  chemistry  of  high-tempemture  boiler  water 
solutions  have  been  made. 

TEST  APPARATUS 

The  heat  transfer  and  corrosion  test  loop  shown  in 
Fig.  1  was  described  in  the  first  progress  report  (1). 
Modifications  to  the  make-up  water  supply  system, 
horizontal  preheat  furnace,  and  the  addition  of  a  reflux 
condenser  were  discussed  in  the  second  progress  re¬ 
port  (2).  The  apparatus  used  for  Phase  IV  testing  was 
unchanged,  with  the  exception  of  the  power  control 
system. 


TABU  I 

PROCRAM  ORCANIZATION 


Groufi 

TsttNs. 

Trsatmsnt 

Boiler  CoiMlitioii 

Boiler  Water 
Contamination' 

— 

1 

Volatile 

Clean 

None 

2 

Phosphate 

Clean 

None 

3 

Caustic 

Clean 

None 

A 

1 

Volatile 

Dirty— FejOi  +  Co 

None 

2 

Phosphate 

Dirty— Fej04  +  Cu 

None 

3 

Caustic 

Dirty— Fe]04  +  Cu 

None 

B 

1 

Volatile 

Dirty— Fej04  +  Cu 

Fresh  water  salts 

2 

Phosphate 

Dirty— Fe304  +  Cu 

Fresh  water  salts 

3 

Caustic 

Dirty— Fe>04+Cu 

Fresh  water  salts 

C 

1 

Volatile 

Dirty- Fej04  +  Cu 

Seawater  salts 

2 

Phosphate 

Dirty— Fej04  +  Cu 

Seawater  salts 

3 

Caustic 

Dirty— Fej04  +  Cu 

Seavrater  salts 

— 

1 

Volatile 

Dirty— Fej04  4-  Cu 

Fresh  water  salts 

2 

Phosphate 

Dirty— F6304  +  Cu 

Fresh  water  salts 

3 

Caustic 

Dirty— Fej04  -F  Cu 

Fresh  water  salts 

4 

Phosphate 

Dirty— Fej04  +  Cu 

Magnesium  chloride 

5 

Caustic 

Dirty— Fej04  +  Cu 

Magnesium  chloride 

6 

Phosphate 

Dirty— Fej04  +  Cu 

None  (Test  in  DNB) 

7* 

Phosphate 

Dirty— Fej04  +  Cu 

Magnesium  chloride 

8 

Phosphate 

Dirty— Fej04  +  Cu 

Oilcium  sulfate 
(^Icium  chloride 

*  CMitlNaMn  MfCIa  iniacltoii  anS  traatniMrt. 
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Test  objectives  required  that  at  least  one  test  be 
conducted  in  departure  from  nucleate  boiling  (DNB). 
The  previous  arrangement  for  controlling  electrical 
power  input  is  shown  in  Fig.  2.  Total  power  and  local 
heat  transfer  rates  were  controlled  using  manually 
operated,  tapped  secondary  transformers  for  both  the 
vertical  preheat  and  test  sections.  Manually  operated 
saturable  reactors  were  used  for  controlling  the  hori- 
zontal  preheat  furnace.  Normal  line  voltage  variations 
produced  slight  changes  in  fluid  enthalpy  and  local  flux 
rates  during  testing  with  this  arrangement. 

Satisfactory  operation  of  the  test  loop  in  DNB  re> 
quired  that  line  voltage  variations  be  stabilized.  A 
relatively  nev/  and  unique  technique  employing  silicon 
controlled  rectifiers  (SCR)  was  used  to  accomplish  this. 
Figure  3  illustrates  the  application  of  SCR  control  to 
the  “A”  loop  power  supply.  Total  power  to  the  test 
section  is  monitored  and  recorded  by  a  strip  chart 
recorder-controller.  The  instrument  set  point  is  manu¬ 
ally  adjusted  to  obtain  the  proper  power  level  for  the 
desired  heat  flux.  A  signal  from  the  controller  to  the 
SCR  cells  and  firing  networks  subsequently  adjusts  the 
power  output  of  the  SCR  to  maintain  constant  flux  by 
automatically  compensating  for  variations  in  line 
voltage. 

Similarly,  the  total  power  of  the  horizontal  and 
vertical  preheaters  is  measured  and  fed  to  another 
recoi-der-controUer.  Compensation  for  line  voltage  vari- 
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Fig.  2:  Se/mmatic  of  tost  loop  original  gnu  power 
confro/ 


Fig.  3:  Schemafic  of  test  loop  modified  power  confro/ 


ations.to  obtain  constant  enthalpy  at  the  test  secUon 
entrance  is  automatically  achieved  in  this  sub-system 
by  set-point  control  of  the  power  output  of  the  saturable 
reactors. 

TEST  CONDITIONS 

Test  Sections  —  Commercial,  l^^in.,  0.200-in.  wall, 
SA-192  carbon  steel  tubing  was  used  for  corrosion 
testing.  Details  relating  to  the  composition  and  struc¬ 
ture  of  this  material  were  included  in  the  second 
progress  report  (2). 

H'afer  Chemistry  —  Control  chemistry  specifications 
are  listed  in  Table  II.  These  specifications  were  main¬ 
tained  when  Emulated  condenser  leakage  solutions  were 
not  being  injected  into  the  boiler  water.  They  were 
applicable  to  all  tests,  with  the  exception  of  Test  7, 

TABLE  II 

CONTIIOL  CHEMISTRY  SPECinCATtONS 


Nam* 

pH 

Hydroxid* 

Phosphate 

Treating  Chemical 

Value  at  25  C 

ppm  OH 

ppm  PO« 

Volatile 

8.6  -  9.0 

_ 

— 

(NH,) 

Phosphate 

9.8  - 10.0 

0 

9-11 

(Na,FO«) 

Caustic 

(NaOH) 

10.5- 10.7 

As  required  to 
maintain  pH 

2-4 

3 


Phase  IV  which  was  conducted  witli  continuous  in¬ 
jection  of  magnesium  cliloridc  solution  and  continuous 
phosphate  control  chemistry.  Specifications  were  re¬ 
laxed  for  this  test  as  follows: 

pH  =  9.5  to  10.0 
PO4  =  5  to  10  ppm 

Heal  Transfer  —  One  of  the  key  concepts  of  this 
corrosion  research  program  was  the  use  of  relatively 
short-term  screening  tests.  Thermal  and  hydraulic  test 
conditions  were  selected  to  accelerate  corrosion.  Heat- 
transfer  rates  represented  a  range  of  average  to  maxi¬ 
mum  values  found  in  operating  boilers.  The  variables 
employed  as  accelerating  parameters  were  mass  velocity 
and  steam  quality. 


<J/A,  Heat  Flux  — 

Fig.  4:  DNB  tube  metof  twnpwlura  lustoiy  with  in- 
creasing  heat  fhx  compared  to  an  assumed 
extension  of  nucleate  boiling 


^g.  5:  Loop  test  conditions  shown  on  a  plot  of  critical 
parameters 


Fig.  6:  Typical  temperature  response  to  various  levds 
of  DNB 


The  first  progress  report  (1)  described  Phase  1  of  the 
urogram.  Briefly.  Phase  I  consisted  of  a  series  of  tests 
which  defined  various  combinat*''ns  of  low-mass-flow 
rates,  high  steam  qualities,  and  heat-transfer  rates 
which  produce  departure  from  nucleate  boiling  (DNB). 
Figure  -1  illustrates  the  effects  of  DNB  on  tube-metal 
temperature  as  a  function  of  local-heat-tratisfer  rate 
(Q/A).  Actual  evaluation  of  the  Phase  I  data  and 
selection  of  parameters  for  corrosion  testing  were  made 
from  plots  (Fig.  3).  In  this  format,  the  critical  heat  flux 
is  shown  as  the  Q/A  curve  and  the  critical  variables 
are  mass-flow  rate  (G)  and  steam  quality  (X).  Values 
on  and  above  the  curve  represent  DNB  conditions  and 
values  below  the  curve  nucleate  boiling.  Plotted  points 
represent  the  operating  conditions  employed  for  this 
program  as  specified  in  the  legend. 

Figure  6  is  a  reproduction  of  a  strip  chart  from  a 
tube  metal  temperature  recorder.  Both  the  temperature 
increase  and  instability  of  DNB  operation  are  shown. 
The  sensitivity  of  tube  metal  temperature  to  both 
decreases  in  mass-flow  rate  and  bulk  steam  quality  are 
illustrated. 

Phases  11  and  III  were  conducted  with  “A”  loop 
conditions  as  close  to  DNB  as  possible,  allowing  an 
operational  tolerance  of  5  percent  quality  to  compen¬ 
sate  for  parametric  changes  induced  by  line-voltage 
variations.  The  same  test  conditions  were  employed  in 
the  “A”  test  loop  for  Phase  IV.  The  “B”  loop  con- 


TABLE  III 

NOMINAL  TEST  CONDITIONS 


II.  Hi.  IV 

li.  lit 

A  Loop 

B  Loop 

0.55  X  10* 

0.55  X  10‘ 

3,630 

3,630 

150,000 

150,000 

173,000 

173,000 

110,000 

110,000 

127,000 

127,000 

23 

8 

30 

15 

35 

20 

IV 

B  Loop 

IV  (DNB  Tost) 
A  Loop 

0.45  X  10« 

0.55  X  10‘ 

2,970 

3,630 

150,000 

150,000 

173,000 

173,000 

110,000 

110,000 

127,000 

127,000 

20 

28 

29 

35 

35 

40 

Mass  velocity  (G),  lb/hr-ft> . 

Flow  rate  (W),  Ib/hr . 

'Heat  flux  (Q/A)i,  Btu/hr-ft>  (based  on  10  of  tube) . 

Heat  flux  (Q/A)i,  Btu/hr-ft>  (based  on  projected  area) 
"Approx,  boat  flux  (Q/A)i,  Btu/hr-ft» 

(based  on  ID  of  tube) . 

Approx,  heat  flux  (Q/A)i,  Btu/hr-ft> 

(based  on  projected  area) . 

Approx,  quality  (Xo)  entering  test  section,  % . 

Approx,  quality  (Xi)  leaving  (Q/A)i,  % . 

Approx,  quality  (X;)  leaving  (Q/A)?,  % . 

*  (Q/A)i— Heat  fiiix  in  lower  test  section. 

**  (Q/A)2— Heat  flux  In  upper  test  section. 

ditions  for  Phases  II  and  III  consisted  of  the  same 
mass-velocity  and  heat-transfer  rates  as  tlic  “A”  loop, 
but  much  lower  steam-quality.  Phase  IV  conditions 
placed  the  “B”  loop  as  close  to  DNB  as  practical  with 
reduced  mass-flow  rates  and  increased  steam  quality 
as  shown  in  Table  III. 

These  conditions  apply  to  all  Phase  IV  tests  with  the 
exception  of  Test  6  which  was  conducted  in  the  un¬ 
stable  transitional  boiling  region  of  DNB.  Parameters 
for  this  test  are  also  listed  in  Table  III  (“A"  loop  only). 

TEST  PROCEDUBES 

In  iiirrst  cases,  Phase  IV  test  procedures  were  similar 
to  tliosc;  employed  in  Phase  III.  Briefly  summarized, 
the  iionnal  routine  for  testing  was  as  follows: 

1.  Thermal,  hydraulic,  and  control  chemistry  test 
cenditions  were  established. 

2.  A  shore  test  to  detennine  the  critical  (juality  for 
DNB  was  run  both  to  check  out  instrumentation 
and  to  establish  that  no  unusual  conditions 
existed  at  the  test  surfaces. 

3.  The  lo<jp  was  op«;rated  at  normal  control  cen- 
ditions  until  hydrogen  cuiiceiitrations  in  the  steam 
approached  e(|uilibrium  base  va’,uc‘.s  (passivation). 

1.  InjcH'tion  of  corrosion  products  and  condenser 
leakage  contamination  was  begun.  The  sc(]ueiice 
of  initial  injections  of  the  two  types  of  con¬ 
taminants  was  varied  depending  upon  the  in¬ 
dividual  test  objc>ctives. 

.5.  Corrosion  product  contamination  was  nonnaily 
added  on  a  two-hour  cycle  until  2100  grams  of 
iron  oxide  and  coppiir  powder  was  injected. 
(Details  on  the  iron  oxide  and  <‘opper  contami¬ 
nants  were  included  in  the  sei-ond  pnjgress 
report  (2).) 


6.  Simulated  condenser  leakage  was  normally  added 
to  the  test  loop  continuously  for  an  eight-hour 
period  each  day.  No  attempts  to  maintain  control 
chemistry  were  made  during  periods  of  injection. 
Table  IV  summarizes  the  composition  of  the  con¬ 
denser  leakage  contaminants  employed,  the  rates 
of  addition,  and  the  total  amounts  added  to  the 
test  apparatus  during  each  test, 

7.  Control  cheinistry  was  re-established  after  each 
condenser  leakage  cycle.  Control  t'onditions  were 
maintained  for  the  remaining  16  hours  of  each 
test  day. 

8.  Each  test  was  run  for  two  weeks  unless  unusual 
conditions  caused  early  tennination. 

Significant  deviations  from  the  previously  listed 
procedure  were  made  in  Tests  6.  7.  and  8.  Test  6  was 
operated  in  DNB  for  most  of  its  two-week  duration. 
The  test  was  conducted  in  DNB  with  clean  surfaces 
for  three  days.  Nucleate  boiling  conditions  were  then 
re-established  for  the  following  48-hour  period  of  cor¬ 
rosion  pro<luct  injection.  The  remainder  of  the  run 
was  conducted  in  DNB  with  fouled  surfaces. 

Test  7  was  run  with  continuous  injection  of  mag¬ 
nesium  chloride  solution  as  well  as  the  continuous 
maintenance  of  phosphate  wnitrol  chemistry. 

Ti*st  8  deviated  from  nonnal  conditions  since  more 
than  one  type  of  condenser  leakage  was  evaluated. 
The  first  half  of  the  test  was  run  with  calcium  sulfate 
and  the  remainder  with  calcium  chloride. 

Evaluation  of  test  results  was  made  on  tlw  basis  of 
o|ierating  data,  water  analyses,  analyses  of  material 
filtered  from  boiler  water,  deposit  aiuily.ses,  normal 
visual  and  microscopic  c.vnniination.  metallurgical 
testing,  and  metallography. 
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TABU  IV 

PHASE  IV  CONDENSER  UAKAGE  SUMMARY 


Test 

No. 

Composition  of  Condontor  Loakago— ppm 

WtofContSaKs 

J»y 

No 

K 

Mg 

Ca 

Cl 

so« 

HCOs 

SiOt 

IHors/day 

gm/day 

gm/tast 

1(1) 

3-15 

55.0 

5.25 

19.3 

79.3 

66.7 

257.5 

37.4 

6.5 

120 

63.23 

759. 

2-14 

55.0 

5.25 

19.3 

79.3 

66.7 

257.5 

37.4 

6.5 

120 

63.23 

885. 

8-9  (2) 

55.0 

5.25 

19.3 

79.3 

66.7 

257.5 

37.4 

6.5 

360 

189. 

3 

3-16 

55.0 

5.25 

19.3 

79.3 

66.7 

257.5 

37.4 

6.5 

120 

63.23 

885.0 

2-6 

— 

— 

37.5 

— 

110.0 

— 

- 

- 

120 

17.7 

283.4 

7-tl 

- 

- 

75.0 

- 

220.0 

— 

- 

- 

120 

35.4 

5 

3-6 

- 

- 

75.0 

— 

220.0 

— 

- 

- 

120 

35.4 

141.6 

6 

NO  CONTAMINANT  SALTS  WERE  INJECTED  DURING  THIS  TEST 

7(3) 

4-6 

— 

— 

37.5 

— 

110.0 

— 

— 

- 

240 

35.4 

818.9 

6-16 

- 

- 

75.0 

- 

220.0 

— 

- 

- 

240 

70.8 

3-4 

— 

— 

— 

122.5 

— 

295.0 

- 

- 

120 

50.1 

250.4 

163.6 

8(4) 

5  6  (3) 

- 

- 

— 

122.5 

— 

295.0 

- 

— 

360 

150.3 

7-10 

- 

- 

- 

122.5 

218.3 

— 

— 

- 

120 

40.9 

NOTES:  1.  Salts  used  in  Test  1,  2,  and  3  were:  NaiSiOj,  NaHCOj,  NaiSOi,  KCI,  MgS04,  CaS04,  and  CaCli. 

2.  During  Test  2  and  Test  8  contaminant  salts  were  introduced  continuously  for  24>hr  and  32-hr  periods,  respectively. 

3.  Contaminant  salts  were  injected  into  the  test  loop  continuously— (24  hr/day). 

4.  Salts  used  in  Test  8  were  CaS04  and  CaClj. 

RESULTS 

The  methods  and  conditions  for  testing  during  the 
entire  program  were  designed  to  accelerate  corrosion 
and  thereby  provide  a  basis  for  the  evaluation  of 
various  environmental  parameters  upon  corrosion 
processes  within  a  limited  period  of  time.  These 
methods  and  conditions  were  intended  to  exaggerate 
high-pressure  boiler  operation. 

Test  results  are  presented  in  the  form  of  individual 
“Test  Logs”  which  include  a  representative  description 
of  each  test,  operating  data,  and  analytical  findings. 

Obviously  it  is  impossible  to  include  all  of  the  data 
accumulated  during  Phase  IV  in  this  rep«»rt.  The  entire 
collection  of  records  and  data  from  Phase  IV,  as  well 
as  Phases  II  and  III,  are  being  kept  on  file  for  the 
AS.ME  at  Combustion  Engineering’s  Kreisinger  De¬ 
velopment  Laboratory. 

LOG-TEST  J,  PHASE  IV 
Volatile  (NH»)  Boiler  Water  Treatment — pH  =  8.6 
to  9.0 

Dirty  Boiler  Conditions — Fresh  Water  Condenser 
Leakage 


The  test  loop  had  been  chemically  cleaned  prior  to 
commencing  operation.  Approximately  three  days  of 
seasoning  were  allowed  at  the  beginning  of  the  test  to 
permit  reduction  of  hydrogen  concentrations.  During 
this  period,  iron  oxide  and  (opper  contaminants  were 
added  to  the  loop.  Once  hydrogen  concentrations  were 
sufliciently  low,  addition  of  simulated  fresh  water 
condenser  leakage  was  begun. 

Figure  7  shows  the  response  of  hydrogen  concentra¬ 
tion  to  the  injections  of  condenser  leakage  which  were 
started  on  the  foui  tli  test  day  and  continued  through¬ 
out  the  remainder  of  the  test.  During  the  first  three 
days  of  condenser  leakage  addition,  hydrogen  values 
exceeded  the  570  ppb  full-scale  capability  of  the 
analyzer,  and  hydrogen  gas  bubbles  were  noted  in  the 
reflux  condenser  sample.  Although  subsequent  daily 
values  were  less  than  full  scale,  the  variations  in 
hydrogen  concentration  reveal  an  interesting  upward 
trend  of  both  the  minimum  peak  and  maximum  peak 
values  for  each  cycle.  Injection  of  condenser  leakage 
resulted  in  a  reduction  in  boiler  water  pH  to  values  of 
approximately  4.0  to  4.3  as  shown  in  Fig.  8.  During 
the  last  few  days  of  operation,  the  boiler  water  pH 
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TESTl  PHASE  !y  ~  AlZilbl 
HYDROGEN  IN  STEAM  SAMPLE 


......  Freshwater  _  _  __  _ 

Additions^— — lip  i  ■  fiiihn  litniinrTP 


m _ 1=3 _ L 


TEST  I  PHASE  IV  4/9/6?  -  4/23/67 


was  maintained  with  ammonium  hydroxide.  Control 
with  ammonia  had  no  elTect  upon  the  corrosion  rate 
during  this  period.  Increases  in  conductivity  also  ac¬ 
companied  the  injection  of  condenser  leakage.  The 
changes  in  water  chemistry  throughout  a  daily  cycle 
are  shown  in  Tables  V  and  VI. 

Increases  in  tube-metal  temperature  were  noted 
(Fig.  7)  with  the  injection  of  condenser  leakage 
throughout  the  duration  of  the  test,  'i'he  greatest  rate 
of  iticrease  was  noted  in  the  130,000-Btu  per  hr-s(]  ft 


test  section  with  lesser  rates  of  increase  in  the  upper 
110,000-Btu  per  hr-sq  ft  section.  Bapid  erratic  changes 
in  metal  temperature,  superimposed  on  the  general 
increases,  were  observed  durii;g  this  test.  As  individual 
readings  exceeded  900  F,  reductions  in  heat-flux  were 
made  to  retain  control  of  local  temperature.  Some  ad¬ 
justments  to  operating  quality  were  also  re<iuired  when 
iron  oxide  and  copper  contaminants  were  being  added. 
Bulk  quality  was  reduced  to  avoid  operation  beyond 
the  threshold  of  departure  from  nucleate  boiling. 
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TABLE  V 

TEST  1,  PHASE  IV 

BOILER  WATER  ANALYSIS 
TEST  DAY  No.  10 


Total  Alkalinity 


Tlnw 

pH** 

pH 

Cond.** 

umhof 

4ipVt 

Epm 

“MO” 

Epm 

SO* 

ppm 

O 

ppm 

Na 

ppm 

Ca 

ppm 

Ms 

ppm 

Cu 

ppm 

Fa 

ppm 

Ha** 

ppb 

SiOt** 

ppm 

0100 

8.9 

6.2 

22 

— 

.06 

— 

3.37 

3.1 

— 

— 

260 

.140 

0200 

8.9 

4.3 

36 

— 

— 

— 

5.03 

3.1 

— 

— 

.030 

— 

261 

.140 

0300 

8.9 

6.2 

21 

— 

.04 

.3 

3.47 

3.1 

— 

— 

— 

— 

213 

.135 

0400 

8.8 

6.1 

25 

— 

.04 

.3 

3.69 

3.7 

— 

— 

.004 

— 

218 

.132 

0500 

8.8 

4.7 

29 

— 

.02 

.7 

4.47 

3.3 

— 

— 

— 

— 

209 

.132 

0600 

9.0 

3.9 

67 

— 

— 

.3 

6.82 

2.4 

— 

— 

.014 

— 

195 

:128 

0700 

9.0 

8.4 

16 

— 

.12 

.3 

2.13 

2.6 

— 

— 

— 

— 

131 

.050 

0800 

9.0 

4.2 

35 

— 

— 

.3 

4.02 

1.4 

— 

— 

.004 

.004 

184 

.050 

0900 

6.8 

5.5 

26 

— 

.04 

— 

3.64 

2.7 

.4 

.3 

— 

— 

188 

.050 

1000 

5.2 

5.7 

46 

— 

.06 

1.0 

6.33 

6.8 

.4 

.3 

.084 

.044 

165 

.050 

1100 

4.7 

4.3 

84 

— 

— 

4.3 

10.63 

9.5 

.4 

.3 

— 

— 

174 

.050 

1200 

4.6 

4.5 

98 

— 

.02 

5.0 

12.99 

12.3 

.4 

.3 

.102 

.050 

200 

.050 

1300 

4.4 

4.5 

112 

— 

— 

3.5 

14.53 

14.3 

.4 

.3 

— 

— 

256 

.020 

1400 

4.6 

4.7 

32 

— 

.02 

4.7 

12.31 

11.8 

.4 

.3 

.100 

.050 

375 

.220 

1500 

4.5 

4.6 

85 

— 

.02 

S.5 

11.08 

11.8 

.4 

.3 

— 

— 

387 

.230 

1600 

4.4 

4.3 

95 

— 

.02 

4.3 

12.67 

12.0 

.4 

.3 

.130 

.025 

388 

— 

1700 

8.6 

5.0 

84 

— 

.04 

— 

12.46 

12.0 

— 

— 

— 

_ 

397 

— 

1800 

9.0 

5.7 

68 

— 

.08 

1.5 

9.70 

9.8 

— 

— 

.022 

.006 

364 

— 

1900 

9.0 

7.9 

48 

— 

.08 

.7 

6.60 

7.3 

— 

— 

— 

— 

365 

.230 

2000 

9.0 

4.7 

39 

— 

CM 

q 

.7 

5.75 

4.2 

— 

— 

.020 

.006 

359 

.225 

2100 

9.1 

8.3 

22 

— 

.01 

— 

3.30 

2.9 

— 

— 

— 

— 

330 

.220 

2200 

9.0 

6.0 

21 

— 

.06 

— 

3.41 

2.6 

— 

— 

.011 

.006 

297 

.190 

2300 

9.0 

4.7 

27 

— 

.02 

— 

3.83 

2.5 

— 

_ 

— 

— 

282 

.380 

2400 

9.1 

4.1 

47 

— 

— 

— 

5.33 

2.4 

_ 

_ 

.012 

.006 

274 

.370 

*  SimalM  tikon  •«  ovon  hours  oulr. 

**  Valuos  OotormlnaO  at  timo  of  samiMInf.  Ml  othar  racorOaO  valaat  aro  from  Istar  lab  analysos. 


TABLE  VI 
TEST  1,  PHASE  IV 

X-RAY  OlFPRACnON  ANALYSIS  OF  MATFJtlAL  FILTERED* 


No.  10 


FROM  BOILER 

WATER 

lima 

Major 

Minor 

Tract 

0900 

FojO* 

— 

— 

1000 

FojO* 

— 

— 

1100 

FejO« 

— 

— 

1200 

FejO* 

— 

— 

1300 

FejO* 

— 

— 

1400 

FojO* 

— 

— 

1500 

FojO* 

— 

— 

1600 

FojO* 

— 

Cu 

1700 

FojO* 

— 

— 

1800 

— 

FojO*.  Cu 

— 

1900 

— 

FeiO*,  Cu 

— 

2200 

auiuslm. 

— 

FoiO*.  Cu 

— 

Test  specimens  were  removed  for  inspection  and 
analysis.  Figure  9  illustrates  the  appearance  of  tube 
surfaces.  Deposit  thickness  ranged  from  30  to  30  mils. 
Results  of  the  analyses  of  these  deponts  are  listed  in 
Table  VII.  Some  specimens  were  chemically  cleaned 
with  the  standard  hydrochloric  acid,  ammonium  bi¬ 
fluoride,  thiourea  solvent.  Inspection  of  the  exposed 
metal  surfaces  revealed  significant  local  attack  (10 
mils)  in  various  areas  of  both  the  A  and  B  test  loops 
(Fig.  10). 

Specimens  were  cut  from  each  heater  block  location 
for  a  macro  etch  with  hot  ferric  chloride  solution  and 
bend  testing.  The  initial  macro  etch  of  these  spedmens 
was  inconclusive,  but  su^ested  that  some  fissured 
metal  might  be  present.  Bend  tests  confirmed  that 
many  specimens  had  experienced  varying  degrees  of 
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Conductivity, 
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Fig.  9:  D^positt  on  tube  surface— Test  1 
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fig.  10;  Cleaned  tube  surface — Test  1 


Fig.  12:  Cross  section  of  hydrogen  damaged  bend-test 
specimen — Test  1 

hydrogen  damage  (Fig.  11).  Figures  12  and  13  illustrate 
the  cracking  of  a  bend  test  specimen  and  the  dut.tility 
of  normal  tube  metal,  respectively.  Hydrogen-damaged 
metal  was  noted  at  blocks  21B.  2iB.  19A,  19B,  21A, 
and  22B.  The  most  severely  Omiaged  specimens  ap¬ 
peared  to  have  occurred  !•:  the  low-heat-flux  region  of 
the  B  test  loop. 

Figures  14,  13,  and  16  are  photomicrographs  of 
fissured  si>ecimens.  It  has  been  found  that  fissuriug 
of  the  metal  is  most  clearly  evidenced  in  highly  polished 
unetched  specimens  (Fig.  14).  These  photos  show  the 
significant  Assuring  which  occurred  close  to  the  internal 
surface  and  the  gradient  in  damage  outward  through 
the  metal.  Damage  is  less  evident  in  Fig.  15  which  is  a 
specimen  after  a  standard  nital  etch.  Decarburization 
may,  however,  be  observed.  Figure  16  illustrates  the 
characteristic  layered  deposit  structure  over  the  cor- 


TEST  1  PHASE  IV 
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Fig.  13:  Cross  section  of  normal  ductile  tube  specimen 
after  bend  test 


four  days  of  injection.  However,  no  corrosion  was 
indicated  by  tiie  hydrogen  data  during  subsequent 
excursions  in  pH.  Hydrogen  values  increased  on  the 
ninth  day  of  testing  as  a  result  of  continuous  injection 
of  condenser  leakage  over  a  24-hour  period,  which  was 
not  the  normal  mode  of  operation.  Hydrogen  values 


Fig.  14:  Photomicrogiaph  of  fissured  tube  metal — 
unetched — Test  1 

roded  surface.  Deposits  in  the  areas  of  attack  consisted 
of  approximately  90  percent  magnetic  iron  oxide. 


LOG-TKST  2.  PHASE  IV 
Coordinated  Phosphate  Boiler  Water  Treatment  — 

pH  =  9.8  to  10.0 

Dirty  Boiler  Conditions  —  Fresh  Water  (Condense'.' 

Lttakage 

Equilibiium  hydrogen  concentrations  were  n-ached 
shortly  after  start-up.  Thereafter,  ixnitamination  of  the 
system  with  iron  oxide  and  copper  was  begun.  Inje*-- 
tions  of  fresh  water  I’ondeiiscr  leakage  were  simul¬ 
taneously  started. 

As  shown  by  Figs.  17  and  IK.  the  injection  of  fresh 
water  contaminants  resulted  in  pH  excursions  to  values 
between  4.0  to  4.5.  Corresponding  excursions  in  liydtx*- 
gen  concentrations  were  ex|)erienix*d  during  the  lirst 


i.**  *  '  * 


-Fig.  16:  Phofomkrograph  of  deposit  cross  .action  at 
site  of  hydrogen  damage — Test  1 — unetched 
(original  mag  =  lOOx) 


Additions 


Freshwater 
—  ~Tm(iiili 


TEST2  PHASE  IV  5/8/67-5/22/67 
TUBE  CROWN  TEMPERATURE  RISE  , 


123  45  67  89  10  11  12D  14  15  16 

Days 

Rg.  17 


began  to  increase  only  after  an  extended  period  of  low 
pH  (approxitn  tely  16  hours).  These  effects  have  been 
attributed  to  the  reaction  of  phosphate  hide-out.  The 
same  phenomenon  had  previously  been  observed  during 
Phase  III  of  the  program. 

Tables  VIII  and  IX  illustrate  the  typical  dissolved 
and  suspended  solids  concentrations  in  the  boiler  water 
through  a  period  of  fresh  water  contaminant  injection. 
pH  excursion,  and  restoration  of  norma!  operating 
conditions. 

Tube  metal  temperatures  increased  very  rapidly 


during  this  test.  Figure  17  illustrated  the  temperature 
increases  resulting  from  the  deposition  of  contaminants. 
The  characteristic  of  the  increase  was  rapid  and  steady, 
although  the  temperature  plots  do  not  clearly  show 
this.  This  discrepancy  results  from  modifleations  of 
heat  flux  made  to  prevent  overheating  of  the  tube 
metal.  Generally  speaking,  heat-flux  reductions  were 
made  when  tube-metal  temperatures  entered  the  900 
(o  920  F  temperature  range. 

During  shutdown  operations,  water  samples  were 
taken  to  measure  chemical  hide-out.  Phosphate,  sulfate. 
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_  TABU  VIII 
T£sT  2,  ntAsE  i¥ 

BOILCR  WATER  ANALYSIS 
TEST  DAY  No.  5 

Total  Alkalinity 


Cofld.** 

«ipF9 

“MO" 

SO* 

Cl 

PO*** 

PC* 

Na 

Ca 

Mg 

Cu 

Fd 

Ha** 

SiQa* 

TIim 

pH** 

pH 

umhot 

Epm 

Epm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppb 

ppm 

C400 

10.0 

8.2 

91 

— 

.24 

10.5 

6.0 

10.8 

7.9 

18.50 

... 

.01 

.02 

91 

.26 

0825 

9.8 

9.2 

124 

.04 

.22 

23.5 

6.5 

9.5 

7.1 

21.0 

... 

. 

90 

_ 

0900 

8.9 

7.0 

133 

.14 

29.0 

7.0 

6.1 

4.5 

23.25 

.. 

.001 

.06 

73 

_ 

1000 

5.2 

5.4 

145 

.10 

32.5 

8.7 

2.5 

2.6 

£4.50 

2.0 

.6 

_ 

.. 

71 

1100 

4.9 

5.1 

146 

— 

.08 

32.5 

9.4 

2.2 

2.4 

23.25 

1.4 

.4 

.20 

.05 

70 

_ 

1200 

4.2 

4.4 

191 

— 

.02 

40.0 

12.1 

1.1 

1.1 

28.50 

2.0 

.6 

_ 

62 

1.70 

1300 

4.0 

4.2 

239 

— 

— 

47.5 

16.8 

0.3 

— 

32.75 

1.0 

1.0 

.35 

.21 

63 

2.50 

1400 

3.9 

4.1 

270 

— 

— 

56.5 

18.5 

0.5 

— 

38.50 

_ 

_ 

_ 

74 

2.50 

1500 

3.9 

4.1 

269 

— 

— 

52.5 

16.7 

0.9 

— 

36.75 

.24 

.17 

85 

2.60 

1600 

3.9 

4.1 

260 

— 

— 

50.0 

18.1 

1.0 

— 

36.0 

— 

_ 

80 

3.00 

1700 

6.7 

4.6 

203 

— 

.06 

43.0 

15.5 

2.4 

1.2 

33.50 

_ 

.16 

.10 

80 

2.90 

1800 

8.8 

8.8 

149 

.02 

.22 

30.5 

9.0 

2.5 

5.1 

26.50 

— 

... 

_ 

... 

64 

2.80 

1900 

9.8 

9.2 

107 

.04 

.22 

23.0 

6.8 

6.5 

5.0 

20.50 

... 

_ 

.42 

.24 

80 

1.50 

2000 

9.8 

8.5 

107 

.02 

.20 

17.0 

7.1 

7.0 

5.4 

18.50 

... 

_ 

_ 

70 

1.50 

2100 

9.9 

9.2 

90 

.04 

.24 

16.0 

5.8 

7.0 

3.9 

16.25 

— 

— 

.002 

.04 

72 

1.30 

2200 

9.8 

8.7 

70 

.02 

.20 

12.5 

4.2 

8.0 

6.0 

13.75 

_ 

_ 

80 

1.00 

2300 

9.8 

7.8 

61 

— 

.22 

10.0 

1.4 

6.0 

5.1 

11.75 

_ 

.003 

.03 

80 

.74 

2400 

9.7 

7.9 

61 

— 

.24 

9.5 

1.0 

9.0 

7.9 

12.00 

— 

80 

.65 

*  SamylM  wara  tekan  avary  aUiar  tiaar. 

'*  Valaas  Oalarmlnad  at  tima  of  aampltaf*  All  othar  racordaO  valuat  ara  from  latar  lab  analyaat. 


TABLE  IX 


TEST  2,  PHASE  IV 

X-PAY  DIFFRACTION  ANALYSIS  OF  MATERIAL 

niTEREO* 

FROM  BOILER  WATER 

TMtOay 

Him 

Major 

MImr 

Tract 

No.  5 

0200 

FojO. 

Cu 

FejOj 

0500 

FojO. 

Cu 

FojOi 

0700 

FojO. 

Cu,  FoiOj 

— 

0900 

FojO. 

Cu,  CuO 

FojOj 

1000** 

_ 

— 

FoiO.,  CuiO 

1100** 

— 

FejO. 

— 

1300** 

— 

— 

FojO. 

1500** 

— 

— 

FeiO. 

16f'0 

FojO. 

— 

Fe,0j 

ITOO 

FojOi,  CujO 

Cu 

FojOj 

£000 

Cu 

FoiO.,  Cu:0 

FeiOj 

0^  mkraa  |wro  aizo. 

X-ray  analysis  showsd  no  diffraction  pattam  for  major  par- 
nans  of  daposit.  Tbo  major  portion  was  amorphous. 


chloride,  and  sodium  concentrations  increased  during 
shutdown.  Phosphate  increased  from  8  to  50  ppm, 
sulfate  from  28  to  275  ppm,  chloride  from  6  to  10  ppm, 
and  sodium  from  26  to  175  ppm  when  power  was 
turned  off  the  two  8-ft  test  sections.  No  change  in 
pH  occurred. 

Inspection  of  the  internal  surfaces  revealed  that 
heavy  deposits  (approximately  60  mils)  were  present 
on  the  heated  portion  of  the  tubing  (Fig.  19).  Analyses 
of  these  deposits  are  shown  in  Table  X.  It  should  be 
noted  that  a  major  unidentified  compound  was  found 
in  each  of  the  deposits  analyzed.  Considerable  time  and 
effort  were  expended  in  attempting  to  make  an  identi¬ 
fication.  Chemical  analysis  indicated  that  the  uniden¬ 
tified  phase  was  probably  some  complex  sodium. 


TABLE  X 

TEST  2,  PHASE  IV 
DEPOSIT  ANALYSIS 

X-RAY  DIFFRACTION  ANALYSIS  CHEMICAL  ANALYSIS 


Blocfc 

Loop  “A” 

4<j^y» 

No. 

Composita 

ISA 

19A  20B 

Block  No. 

Composite 

ComposKo 

19A 

19S 

MAJOR 

FojO. 

Unidentified 

FcsOa  FejO«  FcjOa 

Unidentified  Unidentified  Unidentified 

IGNITION 

GAIN 

GAIN 

GAIN 

GAIN 

— 

— 

-  FejO, 

SiOj.% 

2.4 

3.5 

3.4 

4.5 

MINOR 

FejOj 

Fej03 

Fe^O]  NaFeSiO. 

FejO.,  % 

38.5 

46.8 

59.0 

55.6 

Cu 

Cu 

Cu  Cuj(P04)jOH 

Co.%  , 

9.2 

23.5 

2.2 

2.9 

CUj(P04MOH)4 

“ 

-  Cu 

—  oiOj 

CaO,% 

14.6 

7.0 

1.4 

1.9 

TRACE 

FeiOj 

Fe,Oj 

FejOj  FejOj 

MgO.% 

1.4 

3.7 

1.9 

1.7 

SiOi 

SiOj 

SiOi  CajCPO.JjOH 

PaO,,% 

22.8 

14.7 

22.7 

22.0 

Ca3(P04),0H 

Caj(P04)i0H  Caj(P04)j0H  - 

1.6 

.6 

1.6 

1.4 

NaFeSiO. 

NaFeSiOt 

NaFeSiO.  — 

SOj,  % 

— 

Cu5(P04)j0H  Cuj(P04)jOH  - 

Na,0,  % 

•  9.4 

.5 

•  8.9 

•  7.1 

*  Water  telubte  satlium  ~.1%— Tutol  soAlum  was  datermlncd  by  bailinf  dayoait  in  hydrochloric  acid. 
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TEST  2  PHASE  IV  5I&I 61  -  5122167 
_ SOiLERWATER  pH _ 


8  9 

Days 


10  11  12  13  14  15  16 


Additions  • 


Freshwater 

• - nnfiiilr 

Fe^O^  &  Cu 


TEST  2  PHASE  IV  5/8/67  -  5/22/67 
SOILERWATER  CONDUCTIVITY 


I  300 


4  5  6  7  8  9  10  11  12  B  14  15  16 

Days 

Fig.  18 


calcium,  phosphate  compound.  No  pattern  correspond¬ 
ing  to  the  experimental  X-ray  diffraction  pattern  could 
be  found  in  the  ASTM  card  index.  Figure  20  is  a 
reproduction  of  the  diffraction  pattern  obtained  from  a 
composite  sample  of  this  deposit.  Attempts  were  made 
to  purify  this  material  by  removal  of  the  magnetic  iron 
oxide.  Subsequent  X-ray  analyses  of  the  enriched  de¬ 
posit  revealed  increased  intensity  of  the  same  lines 
that  had  previously  eluded  identification. 

The  purification  process  was  not  sufficiently  effective 


to  enhance  making  a  positive  identification  on  the  basis 
of  elemental  analysis.  Figure  21  shows  the  typical 
cross  sectional  structure  of  these  deposits. 

Deposits  were  removed  from  specimens  with  the 
standard  chemical  cleaning  solution  and  the  metal 
surfaces  examined.  Only  widely  dispersed  minor  pitting 
(1  to  2  mils)  in  both  the  A  and  B  test  sections  was 
noted  (Fig.  22).  Subsequent  testing  and  metallurgical 
evaluation  proved  that  no  hydrogen  damage  had 
occurred  during  this  test. 
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Fig.  19:  Depcsilr  on  fub«  surface — Test  2 


LOU-TEST  3.  PHASE  IV 
Free  Caustic  Boiler  Water  Treatment  —  pH  =  10.5 
to  10.7 

Dirty  Boiler  Conditions  —  Fresh  Water  Condenser 
Leakage 

Because  of  the  heavy  deposition  whicli  occurred 
during  the  previous  test,  tlie  test  loop  was  acid  cleaned 
prior  to  conunencing  Test  3.  .After  start-up.  the  test 
loop  was  operated  with  normal  free  caustic  treatment 
for  two  days  before  c‘(]uilibrium  hydrogen  concentra¬ 
tions  were  achieved.  The  sequence  of  addition  of  iron 
o.xidc  and  copper  contaminants  as  wed  as  the  injection 
of  fresh-water-condenser  leakage  were  begun  on  the 
third  day  of  operation. 

The  variations  in  pH  and  c*onductivity  and  the  plot 
of  hydrogen  evolution  during  pH  e.\cursions  are  shown 
in  Figs.  23  and  24.  Each  pH  depression,  to  values  of 
approximately  4.0  to  4.3.  produced  a  corresponding 
increase  in  corrosion  rate  as  shown  by  the  hydrogen 
data.  The  magnitude  of  each  e.xcursioi  varied  con¬ 
siderably  and  no  consistent  pattern  emerged.  It  is 
probable  that,  the  affect  of  phosphate  hide-out  was 


Fig.  21:  Photomicrograph  of  deposit  cross  section — 
Test  2 — unetched  (original  mag  =  lOOx) 


Fig.  22:  Cleaned  lube  surface — Test  2 


t<i  provide  a  residual  bulfer  which  decreased  the  dura¬ 
tion  and  severity  of  the  corrosion  cycles.  Caustic 
corrosion  sustained  hvdrogen  concentrations  at  higher 

•t 


Fig.  20:  X-ray  diffraction  pattern  of  "A"  loop  deposits — Test  2 
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TEST3  PHASE  IV  bl III 67  -  6!2T! 61 


Days 


Pig.  23 


Uian  normal  levels  when  control  chemistry  was  main¬ 
tained. 

The  results  of  water  analyses  performed  on  specimens 
taken  throughout  a  daily  leakage  cycle  are  included  in 
Table  XI.  Analyses  of  material  filtered  from  the  water 
are  in  Table  XII. 

Figure  23  illustrates  the  change  in  tube  metal  tem¬ 
perature  which  occurred  during  this  test.  The  high-flux 
regions  (block  17  through  20A  and  B)  experienced 
rapid  temperature  increases  which  required  flux  adjust¬ 
ments  to  maintain  temperatures  under  920  F.  The 
lower  flux  areas,  blocks  21  through  24,  experienced  a 


less  severe  steady  daily  increase  in  tube  metal  tem¬ 
perature. 

Phosphate  hide-out  data  was  accumulated  during 
shutdown.  Phosphate  concentrations  increased  from 
3.5  tc  22  ppm,  sulfate  from  43  to  300  ppm,  and  sodium 
from  32  to  268  ppm.  The  pH  remained  unchanged. 

Inspection  of  test  surfaces  revealed  only  light  de¬ 
posits,  approximately  3  to  10  mils  in  thickness  (Fig.  23). 
Analyses  of  these  deposits  are  included  in  Table  XIII. 
Specimens  were  cleaned  in  the  standard  acid  solution 
and  the  surfaces  were  inspected.  Only  minor  random 
pitting  (4  to  3  mils)  was  noted  throughout  the  A  and  B 
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TEST3  PHASE  IV  blllldl  -  blTI Ikl 
_ BOIIERWATER  dH _ 


2  3  4  5 


6  7  8  9  10  11  1 


Additions 


Freshwater 
Fe^O^  &  Cu 


TEST3  PHASE  IV  6/11/67  -  6/27/67 
BOIIERWATER  CONDUCTIVITY 


2  3  4 


9  10  11 

Days 


12  13  14  15  16  17 


f  ig.  24 


test  sections  (Fig.  26).  Metallurgical  evaluation  showed 
that  no  hydrogen  damage  occurred. 

LOG-TEST  4,  PHASE  IV 
Coordinated  Phosphate  Boiler  Water  Treatment  — 
pH  =  9.8  to  10.0 

Dirty  Boiler  Conditions  —  Magnesium  Chloride  Con¬ 
taminant 

An  equilibrium  hydrogen  concentration  was  achieved 
shortly  after  start-up.  Injections  of  magnesium  chloride 
solution  were  made  on  the  second  day  of  operation, 
prior  to  the  addition  of  iron  oxide  and  i-oppcr.  As 
illustrated  by  Figs.  27  and  28.  the  pH  decreased  to  a 


value  of  approximately  4.8  as  the  result  of  salt  in¬ 
jection;  however,  with  the  exception  of  a  short  duration 
increase  in  hydrogen  TOiicentration.  no  appreciable 
corrosion  was  evident.  .After  re-establishing  control 
chemistry  on  the  evening  of  tiic  second  day,  injections 
of  corrosion  products  were  begun.  These  were  continued 
until  a  total  of  2200  grams  of  material  had  been  intro¬ 
duced.  On  the  third  day.  magnesium  chloride  injection 
was  repeated,  resulting  in  a  rapid  e.\cursiun  in  hydrogen 
concentration  to  values  exceeding  the  full  scale  limits 
of  tlie  analyzer.  On  siibsecpienl  days,  corrosion  excur¬ 
sions  declined.  Since  no  increase  in  hydrogen  concen¬ 
tration  was  exp<;rienccd  on  the  sixth  operating  day.  it 
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TABLE  XI 
TEST  3,  PHASE  IV 

BOILER  WATER  ANALYSIS 
TEST  DAY  No.  10 

Total  AHralinRy 


Cond.* 

4ip** 

«MO” 

SOt 

Cl 

POa* 

POa 

Na 

Ca 

MS 

Cu 

Fa 

Hi* 

SiOi* 

Time 

pH* 

pH 

umhos 

Epm 

Epm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppb 

ppm 

0400 

10.6 

10.1 

250 

.12 

.36 

41.0 

9.6 

3.0 

3.0 

46.0 

— 

— 

.017 

.001 

128 

1.30 

0900 

10.3 

10.1 

165 

.08 

.20 

31.3 

6.8 

1.1 

1.1 

31.0 

.02 

.01 

.008 

.002 

105 

.90 

1000 

6.7 

5.4 

120 

— 

.04 

23.5 

12.0 

0.9 

.9 

23.0 

.20 

.09 

.170 

.040 

96 

1.10 

1100 

4.7 

4.8 

125 

— 

.04 

25.0 

15.2 

0.1 

.1 

25.0 

.10 

— 

.624 

.043 

84 

1.60 

1200 

4.5 

4.5 

140 

— 

.04 

17.0 

17.4 

— 

— 

21.0 

.13 

.110 

.148 

.041 

108 

1.60 

1300 

4.5 

4.5 

150 

— 

.04 

15.5 

18.4 

— 

— 

23.0 

.15 

.120 

.120 

.070 

183 

1.70 

1400 

4.5 

4.5 

130 

— 

.04 

13.0 

18.6 

— 

— 

22.0 

.21 

.130 

.101 

.041 

273 

1.20 

1500 

4.6 

4.5 

130 

— 

.04 

12.0 

22.6 

— 

— 

21.0 

.26 

.130 

.080 

.025 

383 

1.70 

1700 

6.6 

5.7 

150 

— 

.04 

18.5 

20.8 

0.1 

— 

24.0 

.26 

.120 

— 

— 

490 

— 

1800 

9.7 

6.7 

175 

— 

.12 

26.5 

18.0 

0.8 

.1 

28.0 

.19 

.100 

.009 

.005 

330 

.70 

1900 

10.0 

6.9 

200 

— 

.12 

38.5 

16.4 

0.7 

.7 

32.0 

.15 

.100 

— 

— 

202 

.38 

2000 

10.5 

9.8 

250 

.12 

.24 

54.0 

14.4 

1.0 

.5 

41.0 

.10 

.090 

.003 

.004 

170 

.30 

2100 

10.7 

10.2 

295 

.20 

.32 

62.5 

11.2 

1.2 

.2 

46.0 

— 

.010 

— 

— 

160 

.28 

2200 

10.6 

10.4 

285 

.20 

.32 

62.0 

5.2 

2.4 

2.4 

44.0 

— 

.010 

.014 

.012 

150 

.38 

2300 

10.6 

10.2 

300 

.16 

.40 

65.4 

7.8 

1.9 

1.9 

48.0 

— 

— 

— 

— 

145 

.76 

2400  10.7  10.4  300  .24  .40  70.0  11.0  2.5  2.5  48.0  - 

*  Values  datarmlaad  at  dme  of  samplinf .  All  othar  racordad  valuas  ara  from  Istar  lab  analysat. 

— 

.025 

.004 

142 

1.20 

was  decided  that  the  magnesium  chloride  injection 
should  be  doubled.  This  started  on  the  seventh  day. 
Subsequently,  daily  hydrogen  cycles  became  more 
severe  both  in  concentration  and  duration.  On  the 
twelfth  operating  day  of  the  test,  a  brittle  tube  failure 
was  experienced  at  the  Block  17A  location. 

Tables  XIV  and  XV  illustrate  the  variations  in 
water  chemistry'  which  were  experienced  during  an 
injection-corrosion  cycle.  It  is  interesting  to  note  that 
calcium,  presumably  left  in  the  loop  from  prior  testing, 
became  soluble  in  the  boiler  water  at  low  pH.  Hydrogen 
values  listed  in  this  table  are  calculated  values  from 
the  steam  sample  concentrations  using  the  character¬ 
istic  relationship  between  steam  and  reflux  condenser 
samples. 


TABLE  XII 
TEST  3.  PHASE  IV 

X.RA¥  DIFFRACTION  analysis  OF  MATERIAL  FILTERED* 
FROM  BOILER  WATER 


Time 

Major 

Minor 

Trace 

1100** 

— 

Fej04 

FeaOj 

1200** 

— 

Fej04 

FejOj 

1300 

Fej04 

FoiOj 

— 

1400 

Fe,04 

FoiOj 

— 

1500 

FOj04 

FeiOj 

— 

1600 

Fj,04 

— 

FeiOj,  Ca5(P04)j0K 

1700 

Fei04 

Ca)(P04}30H 

FcjOj 

1800 

Fej04 

Caj(P04)jOH 

FojOj 

1900 

Fej04 

Caj(PO,)jOH 

FejOj 

2000 

Fej04 

Ces{PC,)iOH 

FciOj 

*  0.45  mlcrw  porm  •ix*. 

**  AmerplioMt  phas*  prasaiit 


TABLE  XIII 
TEST  3,  PHASE  IV 
DEPOSIT  ANALYSIS 


X-RAY  DIFFRACTION  ANALYSIS 

Loop  “A”  (17A-20A)  Loop  “B”  (17B-20B) 


Block  No.  Composite  ComposHo 

MAJOR  Fei04  Fe)04 

Cu  Cu 

MINOR  FeiO,  FejOi 

Caj(P04)i0H  Ca3(P04)jOH 

SiO}  NaFeSi04 


CHEMICAL  ANALYSIS 

Loop  "A” 

Loop  “A”  Loop  “B"  (17A-20A) 

(17A-20A)  (17B-20B)  Unheated  Side 


Block  No, 

Composite 

Composite 

Composite 

IGNITION 

GAIN 

GAIN 

GAIN 

SiO„  % 

3.8 

4.4 

4.6 

Fei04.  % 

72.7 

61.0 

53.1 

Cu,% 

11.8 

22.0 

14.0 

CaO,% 

1.0 

3.3 

9.0 

MgO.% 

4.6 

0.7 

2.5 

PjOj,  % 

4.6 

4.4 

14.7 

>Na,0,  % 

.6 

.5 

.5 

TRACE 
•  Total  sedlHin. 


NaFeSiOj 


IB 


Fig.  25:  Pbofomiercgra/A  of  deposit  cross  section — 

Test  3— (original  mag  =  250x)  Fig.  26:  Cleaned  tvbe  surface— Test  3 


TABLE  XIV 
TEST  4.  PHASE  IV 

BOILER  WATER  ANALYSIS 
TEST  CAY  No.  9 

Total  Alkalinity 


Cond.* 

“MO” 

S04 

Cl 

P04* 

POs 

Na 

Cm 

Mg 

Cu 

Fa 

H** 

SlOt 

Tlm« 

pH* 

pH 

umhos 

Cpm 

Epm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppb 

ppm 

0400 

iO.O 

9.2 

275 

.1 

.20 

— 

45.5 

8.0 

9.0 

47.8 

— 

.05 

5.74 

.20 

99 

.37 

0800 

9.9 

8.6 

215 

.1 

.16 

35.4 

10.0 

6.6 

39.2 

— 

.05 

8.15 

.16 

74 

.25 

0900 

5.0 

5.1 

200 

— 

.04 

41.7 

3.0 

1 

36.4 

— 

.95 

6.92 

.22 

96 

.17 

1000 

4.6 

5.0 

225 

— 

.04 

— 

48.0 

2.5 

1 

35.0 

3.0 

6.79 

.16 

117 

.18 

1100 

4.5 

5.0 

250 

— 

.04 

49.3 

2.5 

1 

30.0 

3.1 

1.8 

6.06 

.22 

174 

.20 

1200 

4.5 

4.7 

250 

— 

.04 

— 

45.4 

1.5 

1 

29.0 

2.9 

1.44 

7.61 

.39 

308 

.18 

1300 

4.5 

6.2 

210 

— 

.04 

— 

40.5 

1.2 

1 

21.6 

3.0 

1.85 

7.98 

.26 

466 

.14 

1400 

4.6 

6.1 

190 

— 

.04 

... 

39.2 

0 

— 

16.6 

3.5 

4.6 

6.59 

.14 

590 

.14 

1500 

4.7 

4.6 

200 

— 

.04 

41.2 

0 

1 

17.9 

4.9 

6.2 

.25 

.04 

620 

.13 

1600 

4.6 

4.7 

260 

— 

.04 

40.5 

0 

1 

22.4 

7.4 

10.0 

.06 

.04 

620 

.16 

1700 

4.6 

4.3 

220 

— 

— 

— 

50.5 

2.4 

1 

40.0 

.25 

.40 

.06 

.04 

665 

.33 

1800 

7.8 

5.6 

210 

— 

.04 

34.8 

3.5 

6.2 

32.9 

— 

.05 

.06 

.04 

785 

.14 

1900 

10.0 

9.4 

170 

-1 

.20 

24.0 

13.0 

8.2 

26.4 

— 

.05 

.06 

.04 

865 

.11 

2000 

10.0 

6.4 

130 

.20 

19.0 

10.2 

10.2 

20.8 

— 

.05 

.06 

.04 

940 

.1? 

2100 

10.0 

7.0 

100 

— 

.20 

— 

15.3 

11.2 

8.6 

17.4 

— 

.05 

.06 

.02 

768 

.12 

2200 

10.0 

6.4 

95 

— 

.20 

— 

12.6 

11.0 

7.6 

14.8 

— 

.05 

.06 

.01 

761 

.13 

2300 

10.0 

6.8 

95 

— 

.30 

11.4 

11.0 

9.2 

14.0 

— 

.05 

.01 

.01 

712 

.13 

2400 

9.9 

7.1 

70 

— 

.20 

— 

10.1 

10.6 

6.4 

12.0 

— 

.05 

.02 

.01 

698 

.16 

*  Values  datarminad  at  time  of  sampling.  All  other  recorded  values  are  from  later  lab  analyses. 


TABLE  XV 
TEST  4,  PHASE  IV 

X-RAY  DIFFRACTION  ANALYSIS  OF  MATERIAL  FILTERED* 
FROM  BOILER  WATER 


Time 

Major 

Minor 

Trace 

0800** 

— 

— 

— 

1000 

CU2O 

FcjCi,  Cu 

Fe20j 

1200 

CuxO 

Cu 

Fej04.  FejOj 

1400 

Cu20 

Cu 

FejOj,  FejOj 

1600 

CujO 

Cu 

FejOi.  Fe^Oj 

1800“ 

Cu 

CusO.  Fe304 

2000»‘ 

— 

— 

CU2O,  Cu.  FejO. 

2200“ 

— 

— 

CU2O,  Cu,  FejOi 

2400** 

— 

Cu 

CU2O 

•  0.4S  micron  pore  size. 

**  Amorphous  phase  noted. 


Plots  of  tube-crown  temperatures  are  shown  in  Fig. 
27.  Tliese  illustrate  the  rate  of  daily  increase  re.sulting 
from  corrosion  and  de{>osition  throughout  the  operating 
{K'riod.  Krratic  temperature  cycling  at  various  locations 
was  observed  during  this  test. 

Ftillowing  the  failure,  tlie  A  and  B  test  sections  were 
removed  from  the  test  loop  for  examination.  Due  to 
the  violence  of  the  failure,  a  major  portion  of  the 
deiMisits.  which  were  assumed  to  have  been  in  place 
during  operation,  were  lost.  The  remaiiiing  deposits 
are  illustrated  in  Fig.  29.  '’’•leir  analysis  is  included  in 
Tabic  XVI. 


HYDROGEN.  PPB 


Fig.  27 


TABLE  XVI 
TEST  4,  PHASE  iV 
DEPOSIT  ANALYSIS 

X.RAY  OlFFRACnON  ANALYSIS  CHEMICAL  ANALYSIS 


BiocfcNo. 

20A 

20B 

Block  No. 

17A(Failttro) 

20A 

MAJOR 

Fe^O* 

Fej04 

SiO,.% 

2.4 

1.5 

MINOR 

Ca4MgKP04)t 
(Ca.  MgWP04). 

C«4M(b(P04)» 

(Ca.  MgMP04)i 

Fej04.  % 

95.6 

59.8 

Ca4(P04)s0H 

CaKP04)i0H 

Cu.% 

0.6 

1.1 

TRACE 

FeiOj 

FaiQj 

CaO.% 

0.2 

3.7 

Cu 

NaFeSiOi 

Cu 

NaF«SiO« 

MgO.% 

0.3 

9.4 

Mg(HiP04)i 

Mg(H,P04)» 

PiOj.  % 

19.3 

Totol  Mdiiim. 

MgHPO<-  3HiO 

— 

•Na,0.% 

0.8 

2.2 

Fig.  28 


Metallurgical  examination  and  analysis  of  tlie  failure 
revealed  that  the  heated  side  of  the  tuba  was  totally 
decarburized  and  fissured  in  an  area  approximately 
6-in.  long.  Initial  failure  occurred  by  a  'nrittle  fracture 
along  two  lines  at  the  edges  of  the  heater  block.  The 
resulting  stress  was  suiiicieiit  to  result  in  a  ductile 
shear  failure  of  the  unheated  portion  of  the  tube.  The 
metal  fragntents  shown  in  Fig.  30  were  propelled  from 
the  tube  as  a  result  of  the  failure.  In  addition,  the  test 
section  was  detached  from  the  lower  tubing  at  this 
point  and  the  entire  upper  length  was  propelled  to  one 


side  (Fig.  31).  Figure  32  is  a  close  up  of  the  failure 
location.  Other  sites  of  hydrogen  damage  are  shown 
by  bend  test  specimens  shown  in  Fig.  33.  Surface 
corrosion  at  sites  of  damage  averaged  only  10  mils  in 
penetration.  The  appearance  of  a  typical  corrosion  site 
is  shown  in  Fig.  34. 

Figure  35  is  a  photomicrograph  of  an  unetched 
specimen  showing  the  layered  structure  oi  the  deposit 
and  the  Assuring  of  the  tube  metal  at  the  site  of  the 
failure.  It  is  typical  of  deposits  seen  with  both  pre¬ 
ceding  and  subsequent  incidents  of  hydrogen  damage. 
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Fig.  30:  Fragments  of  hydrogen  damaged  tube  metal 
after  brittle  failure — Test  4 

Deposits  found  at  other  locations  had  a  less  stratilied 
structure  and  inclusions  of  salts  were  noted  (Fig.  36). 
Some  of  this  deposited  salt  was  separated  from  the 
iron  oxide  matrix.  X-ray  dilfraction  analysis  revealed 
an  amorphous  stnicture. 

LO(;-Th:ST  5.  PH  ASK  IV 
Free  Caustic  Boiler  Water  Treatment  —  pH  =  IO..T 
to  10.7 

Dirty  Boiler  Conditions —  Magnesium  t’hloride  Con¬ 
taminants 

Injection  of  preboiler  l•or^osion  products  was  tiegiin 
once  base-line  hydrogen  «'oncentrations  were  estab¬ 
lished.  Magnesium  chloride  injection  was  starteti  on 
the  second  day  of  operation.  Figures  37  and  .‘IB  show 
the  response  of  hydrogen  concentration  and  Ixtiler 
water  pH  excursions  resulting  irom  the  injection  of 


Fig.  32:  Close  up  view  of  tube  end  at  site  of  brittle 
failure — Test  4 
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TEST  4  PHASE  IV 

BLOCK  20A  BLOCK  21 A  BLOCK  22A  BLOCK  22B  BLOCK  24A  BLOCK  24B 


Fig.  34:  Cleaned  tube  surface — Test  4 

inagnesium  chloride.  Water  analyses  from  a  corrosion 
cycle  are  listed  in  Tables  XVII  and  XVIII.  Hydrogen 
concentrations  ex<^*edcd  the  full  scale  capability  of  the 
analy/er  on  each  of  the  four  days  during  which  sail 
was  added  to  the  kxip. 

Test  data  show  a  marked  similarity  to  those  obtained 
from  bot.h  Tests  1  and  I.  during  which  hydrogen 
damage  was  experienred.  The  test  was  tenninated 
seven  days  after  start-up  to  preclude  the  wciirresur 
«)f  a  tulx:  failun.*  similar  «<•  Jiiat  wliicli  halted  Test  4. 
This  action  was  predicated  Hix)n  the  high  rates  of 
corrosion  indicated  by  the  hydrogen  data  and  the 
erratic  behavior  of  tube  metal  temperatures  in  various 
lm:ations.  which,  in  the  past,  accurately  predicted  the 
«K-currencc  of  hydrogen  damage  (Fig.  17). 


Fig.  35:  Photomkrograph  of  deposit  cross  section  and 
tube  p>etal  at  site  of  hydrogen  damage — Test 
4 — nital  etch  (original  mag  =  lOOx) 

I;pon  inspection  «>f  the  test  surfa<,'es.  relatively  hea>  y 
plugs  of  deposit  (.10  to  65  mils)  were  noted  at  various 
locations  (Fig.  19).  Deposit  analyses  are  included  in 
Table  XIX.  Little  magnesium  was  detected  in  these 
deposits.  However,  calcium  salts  resulting  from  the 
presencT  of  residuals  in  the  loop  from  previous  tests 
were  found.  Water  analysis  revealed  that  at  low  pH 
(1.0  to  1.5)  soluble  calcium  t'ould  be  detected  in  the 
boiler  water. 

Test  sp*.'cim.>ns  were  chemically  cleaned  using  the 
standard  acid  solution.  Corrosion  plugs.  7  to  12  mils 
deep,  were  found  at  various  locations  (Fig.  40). 
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Total  Alkalinity 


TABLE  XVII 
TEST  5,  PHASE  iV 

BOILER  WATER  ANALYSIS 
TEST  DAY  No.  6 


Conil.** 

liptF 

“MO" 

Cl 

OH 

POd** 

PO« 

Na 

Ca 

Mg 

Cu 

Fa 

Ha** 

SlOt** 

Tim* 

pH** 

pH 

umhos 

Epm 

Epm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

pism 

ppm 

ppb 

ppm 

0100 

10.5 

10.3 

200 

.24 

.12 

30.20 

2.38 

2.0 

1.0 

24.9 

— 

.01 

.28 

.17 

348 

.25 

0200 

10.5 

10.2 

160 

.20 

.10 

24.65 

1.00 

2.0 

.8 

17.8 

— 

.10 

.60 

314 

.23 

0300 

10.4 

10.5 

148 

.34 

.14 

21.80 

3.4 

1.5 

.8 

23.4 

— 

— 

296 

.23 

0400 

10.6 

10.4 

150 

.24 

.12 

18.60 

2.7 

2.3 

1,2 

19.1 

— 

— 

.10 

.22 

285 

.22 

0500 

10.5 

10.3 

150 

.24 

.08 

16.35 

3.06 

2.2 

1.6 

15.6 

— 

— 

— 

— 

256 

.22 

0600 

10.4 

1C.2 

125 

.22 

.08 

15.15 

:68 

1.2 

3.2 

15.6 

— 

— 

.09 

.06 

251 

.20 

0700 

10.6 

10.3 

140 

.24 

.12 

12.75 

2.00 

2.4 

1.6 

15.4 

— 

— 

— 

— 

245 

.20 

0800 

10.4 

10.4 

115 

.24 

.08 

11.65 

1.7 

1.7 

1.3 

14.2 

— 

— 

.23 

.10 

245 

.19 

0900 

10.3 

9.9 

100 

.12 

.10 

15.60 

— 

4.0 

.4 

10.8 

— 

— 

273 

.15 

1000 

9.7 

6.2 

80 

— 

.06 

18.55 

— 

4.0 

— 

11.1 

— 

.05 

.04 

.10 

268 

.13 

1100 

6.4 

5.4 

80 

— 

.04 

20.75 

— 

2.2 

— 

11.1 

.40 

.68 

— 

244 

.14 

1200 

4.8 

4.9 

100 

— 

.04 

25.30 

— 

— 

— 

10.7 

.85 

1.46 

.81 

.41 

200 

.15 

1300 

4.6 

5.0 

120 

— 

.04 

28.35 

— 

— 

— 

10.7 

1.15 

1.71 

— 

— 

108 

.13 

1400 

4.5 

4.8 

140 

— 

.04 

34.60 

— 

— 

.4 

13.6 

1.70 

1.82 

.81 

.23 

426 

.13 

1500 

4.5 

4.8 

150 

— 

.04 

38.85 

— 

— 

— 

13.8 

2.60 

1.87 

— 

— 

570* 

.11 

1600 

4.5 

4.8 

170 

— 

.02 

40.35 

— 

— 

— 

14.2 

3.05 

1.88 

2.15 

.39 

570* 

.15 

1700 

10.5 

10.3 

220 

.22 

.12 

36.90 

1.36 

1.0 

2.6 

30.6 

— 

.05 

— 

— 

570* 

.085 

1800 

10.5 

10.6 

210 

.40 

.12 

31.75 

2.00 

3.0 

1.5 

29.9 

.01 

3.07 

.34 

570* 

.055 

1900 

10.6 

10.5 

230 

.36 

.10 

30.35 

3.06 

2.8 

.8 

28.6 

— 

... 

570* 

.04 

2000 

10.7 

10.5 

220 

.38 

.12 

28.65 

2.00 

3.4 

.8 

28.6 

— 

.7 

.01 

570* 

.04 

2100 

10.6 

10.5 

200 

.30 

.10 

26.90 

2.70 

3.2 

.6 

27.6 

— 

— 

416 

.045 

2200 

10.6 

10.5 

180 

.30 

.10 

23.25 

2.38 

4.0 

1.9 

23.8 

— 

.7 

.09 

342 

.06 

2300 

10.6 

10.5 

200 

.36 

.08 

21.10 

1.70 

2.2 

3.4 

23.6 

— 

256 

.06 

2400 

10.7 

10.5 

220 

.30 

.08 

33.40 

2.00 

3.5 

1.5 

29.8 

— 

— 

216 

.084 

*  Samol*  Ukan  avory  athar  haur. 

•*  Valuaa  Oalarminad  at  tima  af  aampUnf.  Ml  athar  racardad  «alua«  ara  tram  latar  lab  analyaaa. 


Fig.  36;  Photomicrogfxiph  of  depoat  cross  section— 
Test  4 — (original  wag  =  250x} 


TABLE  XVIII 
TEST  S,  PHASE  IV 

X.RAY  DIFFRACTION  ANALYSIS  OF  MATERIAL  FILTERED* 
FROM  BOILER  WATER 


Tima 

Major 

Minor 

Traca 

0600 

FejO. 

Cu 

Cu]0,  FeiO] 

0800 

FejOr 

Cu 

CuiO,  FeiO] 

1000 

Cu,  CuiO 

FejO* 

FojOj 

1250 

FejO.,  Cu,  CuiO 

— 

FejOj 

1400 

CuiO 

FejO. 

Cu,  FejOj 

1600 

CuiO 

Fe304 

Cu,  FeiO) 

1800 

FejOr,  CuiO 

Cu 

FejOj 

2000 

FejO. 

— 

Cu 

^200 

FejO. 

Cu 

0 

0200 

Cu 

CurO 

■ '  '  FOiOj 

'  0.4$  micron  para  alza. 

Bend  testing  (Fig.  41)  and  metallurgical  evaluation 
revealed  that  the  tube  metal  was  completely  em¬ 
brittled  at  the  Block  17  elevation  in  the  “A”  loop 
and  was  less  severely  effected  at  other  locations. 
Figures  42  and  43  are  photomicrographs  of  unetched 
specimens  from  the  ID  and  OD  of  the  tubing  at 
Block  17A.  Fissuring  of  the  material  existed  uniformly 
through  the  entire  tube  wall.  Failure  was  averted  only 
by  the  reinforc-ement  provided  by  the  heater  block  and 
early  termination  of  the  test. 
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Hydrogen,  PPB 


TESTS  PHASE  IV  9l2Alb7  -  9130167 
HYDROGEN  IN  STEA,V>  SA.MPLE 


8  9  10  11  12  13  14 

Days 


15  16 


Additions 


Fe^O^  &  Cu 


TESTS  PHASE  IV  9/24/67  -  9/30/67 
TUBE  CROWN  TEMPERATURE  RISE 


1  2  3 


^--750  F 

_i _ I _ I _ 

7  8  9 

Days 
Fig.  37 

TABLE  XIX 
TEST  S,  PHASE  IV 
DEPOSIT  ANALYSIS 


-  BLK  20A 

- BLK  24A 

_ I _ I _ I _ I  I  I 

10  11  12  13  14  15  16 


X-RAY  DIFFRACTION  ANALYSIS 


CHEMICAL  ANALYSIS 


Block  No. 

20A 

19B 

20B 

MAJOR 

FojOi 

F0]04 

FOjOa 

MINOR 

FoiOj 

Fe20j 

FcjOj 

Cu 

Cu 

CastPOAOH 


Blocks 

17A 

19A 

20A 

17B 

19B 

20B 

IGNITION 

GAIN 

GAIN 

GAIN 

GAIN 

GAIN 

GAIN 

SiO,.% 

2.2 

2.7 

2.7 

2.7 

4.0 

8.6 

Fej04,  % 

91.2 

77.2 

78.6 

66.3 

72.5 

62.5 

Cu.% 

2.6 

6.8 

7.8 

6.9 

14.0 

11.8 

CaO,% 

1.2 

1.3 

1.6 

1.9 

1.3 

1.6 

Mg.% 

0.2 

5.2 

4.5 

12.1 

4.8 

7.7 

P1O5.  % 

— 

2.4 

1.9 

7.5 

2.8 

6.9 

Na.% 

0.2 

1.1 

0.8 

— 

1.4 

2.6 

t. 


TEST  5  PHASE  IV  9I2AI67  -  9130161 


Days 


TESTS  PHASE  IV  9/24/67  -  9/30/67 


123456  789  10  11  1213  14  15  16 

Days 

Fig.  38 


The  deposit  structure  shown  in  Fig.  44  is  typical  of 
that  observed  during  previous  tests  at  sites  of  plug-type 
corrosion  and  hydrogen  damage.  The  layered  structure 
of  the  deposit,  which  analysis  showed  to  be  almost 
entirely  magnetite,  appears  to  be  characteristic  of  these 
sites.  Some  plated  copper  appears  in  the  upper  layers 
of  the  deposit. 

LOd-TKST  6,  PH  ASK  IV 
Coordinated  I’hosphate  Boiler  Water  Treatment  — 
pH  =  9.8  to  10.0 


DNB  Operation  With  Clean  and  Dirty  Boiler  Con¬ 
ditions  —  No  Condenser  Leakage 
Test  6  was  conducted  in  a  substantially  different 
manner  from  the  other  tests  of  Phase  IV.  No  simulated 
condenser  leakage  or  chemicals  other  than  sodium 
phosphate  were  added  to  the  boiler  water.  The  test, 
after  establishing  equilibrium  hydrogen  concentrations, 
was  conducted  entirely  iti  the  unstable  temperature, 
transitional  boiling  region  of  DNB.  In  other  words,  the 
opt'rating  parameters  exceeded  the  critical  parameters 
which  dcrine  the  threshold  of  departure  from  nucleate 
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r/g.  40;  Cleaned  lube  surface — Te^  5 
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Fig.  39;  Deposits  on  tube  surface — Test  5 


tm 


boiling.  For  this  test,  mass  velocity,  heat  flux,  and 
pressure  were  maintained  at  the  values  employed 
during  the  previous  17  tests  of  the  program,  however, 
steam  quality  was  elevated  sufllciently  for  DNB 
operation.  Only  the  test  loop  was  employed  for 
this  test. 

Figure  -15  and  Tables  \X  and  XXI  sliow  the  boiler 
water  chemistry  maintained  (hroughout  the  duration 
of  the  run.  Figure  16  illustrates  llie  hydrogen  concen¬ 
trations  at  the  reflux  condenser  for  the  same  period. 
Data  (Fig.  16)  show  that  no  change  in  tube-metal 
temperature,  other  than  the  cyclical  oscillations  result¬ 
ing  from  transitional  boiling,  occurred  during  clean 
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Fig.  42:  Photomicrograph  of  tubing  ID — Test  5 — un¬ 
etched  (original  mag  —  250k) 

surface  testing.  The  amounts  of  chemicals  required  for 
boiler  water  treatment  indicated  that  no  phosphate 
hide-out  occurred. 


TEST  5  PHASE  IV 
BEND  TEST  FOR  EMBRIHLEMENT 


Fig.  4h  Bend-test  specimens — Test  5 


TABLE  XX 
TEST  6.  PHASE  |V 

BOILHI  WATER  ANALYSIS 


Alkalinity 


Tdst  Day 

Cond.* 

dipt* 

"MO” 

PO.* 

PO4 

Na 

Cu 

Fa 

Hi* 

SlOa* 

No. 

Timo 

pH* 

pH 

umhot 

Epm 

Epm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppb 

ppm 

1 

2000 

9.9 

8.9 

35 

.04 

.28 

8.0 

9.0 

7.0 

.06 

.2 

143 

.84 

2 

2000 

9.9 

9.2 

38 

.04 

.24 

8.0 

7.4 

6.3 

.22 

— 

152 

.24 

3 

2000 

10.0 

7.3 

36 

— 

.24 

9.0 

8.2 

7.4 

.34 

.1 

159 

.14 

4 

2000 

10.0 

7.6 

50 

— 

.24 

10.0 

6.4 

8.0 

.08 

.1 

213 

.48 

5 

2000 

9.9 

7.4 

40 

.22 

7.8 

6.6 

6.6 

.08 

,1 

153 

.96 

6 

2000 

9.9 

9.4 

45 

.04 

.24 

8.0 

6.6 

6.6 

3.20 

1.0 

147 

.86 

7 

2000 

9.8 

8.7 

50 

.04 

.26 

9.4 

9.2 

9.0 

.04 

.3 

145 

.23 

8 

2000 

9.9 

9.7 

56 

.04 

.26 

10.0 

9.8 

9.0 

.02 

.2 

147 

.16 

9 

2000 

9.8 

8.2 

50 

— 

.24 

8.8 

8.5 

9.0 

.65 

1.0 

135 

.16 

10 

0400 

9.8 

9.5 

48 

.04 

.24 

9.8 

7.8 

8.4 

.02 

.3 

131 

.15 

11 

0400 

9.8 

10.0 

48 

.14 

.35 

7.6 

9.2 

10.4 

— 

— 

148 

.15 

12 

1400 

10.3 

10.3 

140 

.26 

.56 

20.0 

19.4 

18.4 

.08 

.3 

90 

.18 

13 

0400 

10.0 

10.1 

80 

.18 

.44 

18.5 

14.8 

13.6 

.02 

.3 

100 

.12 

14 

0400 

9.8 

9.6 

50 

.05 

.23 

9.5 

7.5 

7.6 

.02 

.4 

96 

.11 

15 

0400 

10.0 

9.8 

45 

.06 

.26 

9.8 

7.5 

7.0 

.02 

.2 

91 

.098 

16 

0400 

9.8 

9.5 

40 

.04 

.20 

9.8 

8.8 

6.6 

.02 

.2 

81 

.14 

Value*  datarmlnad  at  tlma  of  samplinf.  All  other  recorded  valuo*  are  from  later  lab  analysos. 


TABLE  XXI 
TEST  6,  PHASE  IV 

X'RAY  DIFFRACTION  ANALYSIS  OF  MATERIAL  FILTERED* 
FROM  BOILER  WATER 

TastDay 


No. 

Tima 

Major 

Minor 

Traco 

4 

2000 

Cu 

— 

Fe)04,  CuiO.  CuO 

6 

0400 

Fe)04,  Cu 

— 

F03O),  CU3O 

7 

1400** 

— 

— 

— 

14 

1400** 

— 

Cu 

F0JO4 

*  O^S  micron  pore  aUo. 

**  Amorphou*  phaao  noted. 


Fig.  43:  Photomicrograph  of  tubing  OD — Tost  5 — 
unotchod  (originci  mag  =  250x) 


Fig.  44:  Photomicrograph  of  deposit  cross  section — 
Test  5— unetched  (original  mag  =  lOOx) 


Reductions  in  operating  quality  were  effected  late  on 
the  third  test  day  and  corrosion  products  (iron  oxide 
and  copper)  were  added  to  the  loop.  Injections  were 
made  on  a  2-hour  cycle  for  the  next  48  hours  until 
2,400  grams  of  contaminant  had  been  injected.  Sub¬ 
sequently,  the  quality  was  again  elevated  into  the 
unstable  DNB  region.  DNB  occurred  at  a  steam  quality 
less  than  that  required  for  clean  tube  conditions. 

Operation  in  DNB  was  sustained  during  the  following 
ten  days.  Hydrogen  concentrations  never  exceeded  100 
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TEST6  PHASE  IV  11/27/67  -  12/13/67 
BOILERWATER  pH 


1 

* 

i 


3 

i 


fe-iO,  &  Cu 

Additions  - - luiiiiiiiiiuiiuiiiii - 

TEST6  PHASE  IV  11/27/67  -  12/13/67 


TABLE  XXil 
TEST  6,  PHASE  IV 
DEPOSIT  ANALYSIS 


X-RAY  DIFFRACTION  ANALYSIS  CHEMICAL  ANALYSIS 


Composite  of 
Blocks 

Composite  of 
Blocks 

Water  Soluble 
extract  from 
Composite 

Composite  of 
Blocks  (17A-20A) 

Composite  of 
Blocks  (21A-24A) 

Block  No. 

(17A-20A) 

(21A-24A) 

(21A-24A) 

IGNITION 

GAIN 

GAIN 

MAJOR 

FejO, 

Fe304 

NajHPO. 

SiO?.  % 

0.4 

1.1 

Cu 

Cu 

— 

Unidentified 

Unidentified 

- 

Fej04,  % 

47.7 

43.1 

MINOR 

Fe,Oj 

FejOj 

- 

Cu,  % 

25.8 

14.8 

TRACE 

Cu^O 

CU}0 

- 

P7OJ.  % 

20.5 

28.4 

Na4Pj07 

Na4Pj07 

— 

CU5(P04)j(0H)4 

Cu3(PO.),(OH)4 

— 

Na,0.  % 

7.9 

12.4 

TEST6  PHASE  IV  11/27/67  -  12/13/67 


Additions - 

Fe30^  &  Cu 


niiiiiiiiiiiniinnii 


TEST  6  PHASE  IV  11/27/67  -  12/13/67 


Fig.  46 


ppb,  which  is  a  value  considered  to  be  the  base  line  for 
the  test  apparatus.  1’eniperalures  did.  however,  in¬ 
crease  during!  this  picriod  and,  in  fa<"t.  the  outside  tub** 
metal  temperatures  were  at  or  above  9(10  F  during  the 
last  four  days  of  testing.  Some  evidence  of  phosphate 
hide-out,  as  well  as  increases  in  silicc  concentration  in 
the  boiler  water,  were  noted  upon  shutdown. 

Relatively  thin  powdery  deposits,  not  exceeding  25 
mils  in  thickness  and  in  most  cases  much  less,  were 
found  on  the  test  surfaces  (Figs.  17  and  10).  The 
deposits  consisted  primarily  of  iron  oxide  and  copper 
with  white  salts  randomly  dispersed  on  the  surftce. 
.Substantial  proportions  of  sodium  and  phosphate  were 
found  in  the  deposits  and  X-ray  dilTraction  suggested 


the  presein’e  of  both  sodium  pyrophosphate,  basic 
ixjpper  phosphate,  and  at  least  one  other  crystalline 
phase  whose  pattern  was  not  identifiable  from  the 
1967  ASTM  dilTraction  card  index.  (This  was  similar 
to  the  unidentified  phase  in  Test  2).  Analyses  of 
deposits  are  included  in  Table  XXII. 

The  deposits  were  removed  with  the  standard 
chemical  cleaning  solution  and  the  surfaces  examined. 
No  ajnosion  was  acted  at  any  location  in  the  test 
sections  (Fig.  49).  Draw  marks  and  lines  resulting  from 
the  w*re  brushing  of  the  tube  prior  to  testing  were  still 
in  evidence  on  the  metal  surfaces.  Bend  tests  and 
metallurgical  evaluation  revealed  no  decarburization 
or  hydrogen  damage. 
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Fig.  47:  Deposit  on  tube  surface — Test  6 


Fig.  48;  Photomicrograph  of  deposit  cross  section — 
Test  6 — unetched  (original  mag  =  lOOx) 

LOG-TKST  7.  PHASE  IV 
Coordinated  Phosphate  Boiler  Water  Trealiiieiit  — 
pH  =  9.8  to  10.0 

Dirty  Boiler  Conditions  —  Magnesium  Chloride  Con¬ 
taminant  (Continuous  Injee(ion) 

Initial  injections  of  contaminants  were  delayed  until 
tile  tiiird  operating  day  due  to  diiliciilties  with  the 
hydrogen  analyzer.  After  repair  and  ciilibration  of  the 


analyzer,  preboiler  corrosion  product  addition  was 
begun. 

Injection  of  magnesium  chloride  mntaminant  was 
started  on  the  fourth  day  of  operation.  Salt  solution 
was  continuously  added  instead  of  the  intermittent 
8-hour  cycle  employed  in  earlier  tests.  The  same  total 
quantity  of  salt  used  in  Tests  4  and  5,  77  grams  of 
hydrated  magnesium  chloride  in  solution,  was  pumped 
into  the  loop  each  day.  On  the  sixth  day  of  operation, 
the  rate  '.vas  doubled  to  134  grams  of  hydrated  mag¬ 
nesium  chloride  during  each  24  hour  period.  Tins  rate 
of  injection  was  maintained  throughout  the  duration 
of  the  test. 

Phosphate  and  pH  concentrations  were  kept  within 
normal  specified  control  limits  throughout  the  entire 
two-week  operating  period  (Fig.  50).  This  differed  from 
previous  practice  since  during  cyclical  operations  no 
attempt  to  maintain  water  chemistry  specifications  was 
made.  Typical  analyses  of  the  boiler  water  during  this 
two-wcek  period  are  listed  in  Tables  XXIll  and  XXIV. 

Hydrogen  data  (Fig.  51)  reveal  that  no  substantial 
corrosion  occurred  during  the  test.  The  small  hydrogen 
peaks  which  occurred  during  the  injection  of  iron  oxide 
and  copper  arc  typical  for  this  operation.  Other  peaks 
on  the  hydrogen  plot  reflect  deviations  in  reflux  con¬ 
denser  operating  conditions.  When  compared  to  pre¬ 
vious  data,  the  equilibrium  hydrogen  concentration 
which  existed  throughout  most  of  the  run  was  found 
to  be  one  of  the  lowest  experienced  during  the  entire 
program.  Chemical  control  of  the  boiler  water  was 
accomplished  primarily  with  trisodium  phosphate,  al¬ 
though  small  amounts  of  caustic  were  occasionally 
re(]uired.  Figure  51  shows  the  temperature  change  at 
various  locations  of  the  test  sections.  A  maximum 
increase  in  tube-metal  temperature  of  approximately 
25  F  was  noted. 


Fig  49:  Cleaned  tube  surface — Test  6 


31 


TABLE  XXIII 


•  fv 

BOILER  WATER  ANALYSIS 
Alkalinity 


Test 

Day 

No. 

Time 

pH* 

pH 

Cond.* 

umhot 

44plt 

Epr. 

“MO” 

Epm 

Cl 

ppm 

PC** 

ppm 

PO« 

ppm 

Ns 

ppm 

Mf 

ppm 

Cu 

ppm 

Fa 

ppm 

Ha* 

ppb 

SiOa* 

ppm 

3 

0400 

9.9 

6.6 

30 

0 

.20 

.40 

6.8 

6.4 

6.4 

.01 

.296 

.002 

30 

.280 

1400 

10.0 

7.4 

29 

0 

.20 

,40 

6.0 

6.0 

4.9 

.01 

.059 

.007 

45 

.260 

2000 

10.0 

6.9 

32 

0 

.24 

.30 

5.2 

6.4 

6.2 

.01 

1.80 

.130 

105 

.540 

5 

0400 

9.5 

6.4 

175 

0 

.16 

39.40 

5.6 

4.5 

31.60 

.01 

.118 

.008 

68 

.670 

1400 

9.9 

6.6 

220 

0 

.16 

53.C0 

6.0 

2.2 

45.00 

.01 

.059 

.009 

60 

.500 

2000 

9.8 

7.1 

220 

0 

.28 

50.00 

10.0 

10.4 

46.00 

.01 

.094 

.009 

54 

.326 

7 

0400 

9.8 

7.4 

345 

.04 

.28 

85.40 

8.2 

9.9 

68.00 

.015 

.823 

.176 

47 

.050 

1400 

9.9 

6.6 

420 

0 

.12 

98.80 

7.4 

5.4 

78.00 

.020 

.070 

.054 

52 

.050 

2000 

9.8 

6.6 

440 

0 

.16 

117.00 

8.0 

6.2 

88.00 

.010 

.083 

.002 

52 

.050 

9 

0400 

9.6 

6.7 

— 

0 

.20 

144.00 

10.4 

8.6 

109.00 

.015 

.024 

.001 

49 

.050 

2000 

9.8 

7.0 

630 

0 

.24 

169.60 

11.0 

8.3 

136.00 

.011 

.046 

.001 

50 

.160 

11 

0400 

9.6 

6.8 

566 

0 

.20 

167.00 

5.9 

5.4 

127.00 

.020 

.094 

.001 

48 

.100 

1400 

9.6 

6.8 

655 

0 

.20 

191.50 

7.5 

6.6 

144.00 

.020 

.624 

.024 

47 

.070 

2000 

10.0 

6.8 

533 

0 

.20 

152.50 

9.8 

7.3 

102.00 

.021 

.118 

.001 

48 

.090 

13 

0400 

9.8 

6.S 

529 

0 

.29 

138.00 

7.2 

5.0 

112.00 

.013 

2.22 

.637 

52 

.120 

1400 

9.7 

6.7 

580 

0 

.20 

156.00 

9.8 

6.2 

125.00 

.049 

.212 

.028 

66 

.112 

2000 

10.0 

7.3 

510 

0 

.28 

143.00 

5.5 

2.7 

111.00 

.011 

.525 

.074 

54 

.110 

15 

0400 

9.8 

7.0 

560 

0 

.24 

149.00 

8.0 

7.4 

121.00 

.018 

.094 

.021 

48 

.085 

1400 

9.7 

6.8 

580 

0 

.24 

150.00 

7.2 

7.3 

109.00 

.018 

1.400 

.147 

55 

.082 

2000 

9.9 

7.1 

602 

0 

.28 

160.00 

5.8 

5.8 

112.00 

.080 

.070 

.005 

56 

.110 

16 

0400 

9.8 

7.0 

540 

c 

.28 

141.50 

10.4 

7.3 

100.00 

.010 

56 

.093 

'  Value*  aetarmiKaa  at  tima  ol  scmnllnf*  All  «Ui*r  racorAatl  value*  are  from  later  lab  analyae*. 


TABLE  XXIV 
TEST  7,  PHASE  IV 

X-RAY  DIFFRACTION  ANALYSIS  OF  MATERIAL  FILTERED* 


FROM  BOILER  WATER 


Test  Day 

No, 

Tima 

Major 

Minor 

Traca 

10 

2000 

FOjOd 

Ca 

FeiOi,  CuO 

:t 

2000 

rcjOd 

Cu 

Fe]Oi.  CuO 

iz 

0400 

FejOd*  Cu 

CujO,  FeiOj 

— 

13 

2000 

FCjOa 

— 

FejO),  CuiO,  Cu 

14 

1400 

FejCd 

— 

FA]0],  CU]0,  Cu 

'  0.45  mlcrtMi  per*  *iz*. 

Inspection  of  the  test  surfaces  revealed  a  very  thin 
(•^2  mils)  powdery  deposit  (Fig.  52).  Analyses  showed 
that  deposits  consisted  primarily  of  iron  oxide  and 
copper.  .Magnesium  coiicentratioiis  were  surprisingly 
low  (Table  XXV).  No  corrosion  was  observed  after 
acid  cleaning  with  the  standard  solution.  Draw  marks 
as  well  as  scratches  resulting  from  wiie  brushing  prior 
to  testing  v/ere  visible  on  the  test  sections  (Fig.  33). 
Bend  tests  and  metallurgical  evaluations  proved  that 
no  metallurgical  damage  had  occurred. 


TABLE  XXV 

TEST  7,  PHASE  IV 
DEPOSIT  ANALYSIS 

X-RAY  DIFFRACTION  ANALYSIS  CHEMICAL  ANALYSIS 

Drum 


Block  No. 

17A 

Block  No. 

20A 

17B 

20B 

Dapasit 

IGNITION 

GAIN 

GAIN 

GAIN 

GAIN 

MAJOR 

FajOj 

SiO,,% 

3.3 

1.4 

2.5 

1.5 

FojOi 

FeiOz.  % 

92.3 

66.2 

68.6 

51.4 

Cu.% 

<0.5 

29.5 

30.9 

45.5 

MINOR 

— 

MgO.  % 

3.0 

1.3 

1.2 

1.1 

PaOi.  % 

<0.5 

<0.5 

<0.5 

<0.5 

TRACE 

— 

N..,0.  % 

1.0 

<0.5 

<0.5 

<0.5 
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TEST?  PHASE  «V  1/7/68-  1/22/68 
BOILERWAl'ER  pH 


1  II  '  I  '  '  *  '  '  *  111  I 


8  h 


6  r 


4  L - 1 _ L_ _ 1  t _ I _ I _ I _ I _ t _ I _ I _ I _ I _ L 


2  3  4  5  6  7  8  9  10  11  12  13  14  15  16 

Days 


Additiofis  !!i£l - ;niTirnimi'iiiiiir~  - 

Fe^O^  &  Cu 

TEST?  PHASE  IV  1/7/68-  1/22/68 


Kg.  50 

shown  in  Figs.  34  and  55  constitutes  the  unaborted 
portion  of  the  test. 

Additions  of  iron  oxide  and  copper  were  initiated 
approximately  24  hours  after  the  start  of  the  test,  in 
spite  of  somewhat  higher  than  normal  hydrogen  con¬ 
centrations.  Calcium  sulfate  solution  was  Injected  on 
the  tiiird  operating  day.  Figure  54  illustrates  the  pH 
excursion  which  occurred  from  the  introduction  of  salt 
solution.  The  hydrogen  data  indicate  that  no  corrosion 
occurred  during  this  period,  in  fact,  concentrations 


LOG-TEST  8,  PHASE  IV 

Coonlinated  Phosphate  Boiler  Water  Treatment  — 
pH  =  9.8  to  10.0 

Dirty  Boiler  Conditions  —  Calcium  Sulfate,  Calcium 
Chloride  Contaminants 

Acid  cleaning  prior  to  this  test  resulted  in  initially 
high  hydrogen  contentrations  necessitating  a  period  of 
seasoning  operation.  During  seasoning,  several  circu¬ 
lating  pump  failures  occurred.  The  period  of  operation 
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TEST?  PHASE  IV  1/7/68-  1/22/68 


Additions  . . . 

&  Cu 


TEST?  PHASE  IV  1/7/68 -  1/22/68 


continued  to  decrease  as  passivation  progressed. 
calcium  sulfate  injection  cycle  was  made  during  the 
fourth  day  of  operation,  again  resulting  in  no  corrosion 
and  only  minimal  temperature  change.  On  the  fifth 
day,  calcium,  sulfate  injection  was  extended  beyond  the 
normal  8-hour  cycle  for  a  total  period  of  approxiraately 
.13  hours  before  control  chemistry  was  restored.  No 
change  in  hydrogen  concentration  or  other  indication 
of  corrosion  was  experienced  in  spite  of  the  low  pH 
operation. 


Several  interesting  phenomena  were  observed.  Each 
injection  of  salt  solution  produced  an  immediate  tem¬ 
perature  rise  and  a  decrease  in  pH.  Once  the  pH  had 
declined  to  values  of  from  5  to  6,  the  rising  temperature 
reversed  and  began  to  dechne.  Another  interesting 
observation  is  the  unexplained  increase  in  pH  from 
values  of  approximately  4.2  to  about  3.2  during  the 
32-liour  period  of  calcium  sulfate  introduction.  Table 
XXVI  illustrates  a  daily  cycle  in  water  chemistry 
resulting  from  the  introduction  of  calcium  sulfate 
contaminant. 
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be  seen  on  Fig.  55.  The  second,  third,  and  fourth  in¬ 
jections  of  calcium  chloride  produced  decreasing 
hydrogen  cycles  and  it  was  decided  that  further  opera¬ 
tion  under  these  conditions  served  no  useful  purpose. 
The  test  was  terminated  on  the  twelfth  operating 
day. 


Since  calcium  sulfate  did  not  produce  corrosion,  it 
was  decided  to  evaluate  the  effects  of  calcium  chloride. 

substitution  was  made  on  the  sixth  operating  day 
and  an  e(]uivalent  amount  of  calcium  chloride  was 
introduced  to  the  test  loop.  The  hydrogen  concentra¬ 
tions  resulting  from  the  downward  pH  excursion  can 

TABLE  XXVI 

TEST  8.  PHASE  IV 
SOILEB  WATER  ANALYSIS* 
TEST  DAY  No.  4 

AlkoilciKy 


Timo 

pH** 

pH 

Conti.** 

umhos 

Epm 

“NO" 

Epm 

SOa 

ppm 

Cl 

ppm 

POa** 

ppm 

PO* 

ppm 

Na 

ppm 

Ca 

ppm 

Cu 

ppm 

Pa 

ppm 

H*** 

ppb 

SiOi** 

ppm 

0100 

9.9 

7.1 

136 

— 

.20 

39.2 

<0.2 

9.2 

7.0 

24.3 

<.C 

.70 

.25 

149 

- 

0200 

9.8 

7.0 

134 

— 

.20 

41.3 

<0.2 

10. 1 

7.0 

25.8 

<.01 

.15 

.25 

168 

— 

0300 

9.9 

7.2 

137 

.21 

42.2 

<0.2 

9.0 

7.2 

26.0 

<.01 

.40 

.25 

150 

— 

0400 

9.8 

7.1 

125 

— 

.20 

39.0 

<0.2 

7.6 

6.1 

23.8 

<.01 

.10 

.25 

188 

.465 

0500 

10.0 

7.2 

127 

— 

.21 

39.0 

<0.2 

9.2 

6.9 

24.0 

<.01 

.10 

.25 

181 

— 

0600 

10.0 

7.2 

117 

— 

.22 

38.1 

<0.2 

9.5 

7.5 

23.2 

<•01 

.80 

1.80 

195 

— 

0700 

10.0 

7.2 

114 

— 

.22 

34.3 

<0.2 

9.0 

10.8 

22.5 

<•01 

.08 

.25 

188 

— 

0800 

9.9 

7.2 

104 

— 

.21 

30.8 

<0.2 

9.6 

8.5 

21.4 

<•01 

.30 

.50 

188 

— 

0900 

9.0 

— 

— 

— 

— 

26.0 

<0.2 

50 

3.0 

17.5 

.55 

— 

— 

153 

— 

1000 

6.0 

5.6 

85 

— 

.04 

28.8 

<0.2 

5.0 

2.0 

15.8 

.85 

.50 

.50 

130 

— 

1100 

4.9 

4.9 

— 

— 

<.01 

29.4 

<0.2 

5.0 

0.5 

14.4 

I.IC 

2.30 

1.60 

139 

— 

1300 

4.6 

4.7 

102 

— 

<.01 

29.8 

<0.2 

3.9 

<0.2 

15.4 

.68 

1.40 

.80 

127 

— 

1400 

4.2 

4.3 

106 

— 

30.2 

<0.2 

0 

<0.2 

16.0 

.91 

1.40 

.80 

123 

.55 

1500 

4.2 

4.3 

104 

— 

— 

29.6 

<0.2 

0 

<0.2 

15.3 

.87 

1.20 

.80 

107 

— 

1600 

4.4 

4.6 

102 

— 

<.01 

29.7 

<0.2 

0 

<0.2 

15.3 

1.18 

1.20 

.80 

113 

— 

1900 

9.9 

7.5 

210 

— 

.23 

56.1 

<0.2 

9.0 

11.0 

31.3 

.08 

— 

— 

105 

— 

2000 

10.0 

9.2 

236 

.08 

.30 

71.6 

<0.2 

8.2 

10.0 

44.9 

<.01 

.15 

.10 

141 

.40 

2100 

9.6 

9.6 

234 

.14 

.36 

69.3 

<0.2 

9.0 

8.5 

43.3 

<.01 

— 

— 

143 

— 

2200 

10.0 

9.9 

235 

.16 

.41 

69.5 

<0.2 

8.0 

11.2 

43.8 

<-'.01 

— 

— 

173 

— 

2300 

10.0 

10.2 

234 

.20 

.42 

60.1 

<0.2 

8.0 

10.8 

42.9 

<.01 

— 

— 

168 

— 

2400 

9.8 

10.0 

225 

.15 

.41 

59.8 

<0.2 

8.6 

9.8 

37.8 

<.01 

— 

— 

177 

— 

•  CaS04  inJccUoii. 

**  Valuts  datermiRaO  at  tima  of  unpHn|.  All  othar  raiurdad  valuas  ara  from  latar  lab  analyaas. 
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Fig.  53:  Cleaned  Ivbe  surface — Test  7 
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TESTS  PHASE  IV  3inm-3l27m 
BOiiiR  WATER  pH 


TESTS  PHASE  IV  3/17/68  -  3/27/6S 
BOILER  WATER  CONDUCTIVITY 


Fig.  54 


Temperature  plots  during  the  period  of  calcium 
chloride  injection  reveal  a  response  similar  to  that 
resulting  from  the  injection  of  calcium  sulfate;  that  is, 
cyclical  increases  and  decreases  in  tube  metal  tempera¬ 
ture  occurred  during  contaminant  addition  periods. 
Table  XXVII  illustrates  the  changes  in  water  chem¬ 
istry  c.xperienced  during  a  period  of  calcium  chloride 
injection.  Analyses  of  materials  filtered  from  the  boiler 
water  from  both  portions  of  Test  8  are  included  in 
Table  XXVIII. 


Extensive  hide-out  testing  was  conducted  during 
shutdown.  The  results  of  these  tests  are  tabulated  in 
Table  XXIX  and  graphically  displayed  in  Fig.  56. 
The  pH  values  remained  essentially  constant  during 
shutdown. 

Thin,  loose  deposits  (13  mils)  were  found  on  the  test 
section  surfaces  after  shutdown  (Fig.  57).  It  was  as¬ 
sumed  that  heavier  deposits  had  been  present  during 
testing,  however,  most  of  this  material  sloughed  off 
during  the  extended  shutdown  period.  Analyses  of  the 
remaining  deposits  are  included  in  Table  XXX. 
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TEST  «.  PHASE  IV 
BOILER  WATER  ANALYSIS* 
TEST  DAY  N«.  9 

Alkalinity 


Cond.** 

iipt* 

"MO" 

so« 

Cl 

POa** 

POa 

Na 

Ca 

Cu 

F« 

Ha** 

Tima 

pH*‘ 

pH 

umhos 

Epm 

Epm 

ppm 

ppm 

ppm 

ppm 

rpm 

ppm 

ppm 

ppm 

ppb 

ppm 

0100 

9.9 

9.5 

150 

— 

— 

— 

58.0 

8.0 

5.6 

52.0 

<.01 

... 

136 

— 

0200 

9.9 

— 

145 

— 

— 

— 

62.0 

8.5 

5.5 

47.0 

<.01 

— 

122 

— 

0300 

9.9 

— 

140 

~ 

— 

— 

45.0 

8.5 

4.0 

46.3 

<.01 

— 

— 

129 

— 

0400 

9.8 

— 

140 

— 

— 

— 

44.5 

9.5 

— 

43.0 

<.01 

<.01 

.10 

123 

.085 

0500 

9.9 

9.3 

130 

.04 

.18 

16.0 

40.0 

8.0 

6.3 

42.9 

<.01 

— 

— 

128 

— 

0600 

10.0 

— 

140 

— 

... 

— 

39.5 

10.5 

— 

41.3 

<.01 

134 

— 

0800 

10.0 

9.4 

140 

.06 

.18 

— 

35.0 

8.5 

5.4 

36.3 

<.01 

— 

134 

— 

0900 

10.0 

— 

145 

.00 

.12 

11.4 

3«.0 

10.0 

2.2 

35.0 

.12 

— 

— 

132 

— 

1000 

10.0 

— 

145 

— 

— 

— 

4‘5.5 

9.0 

— 

34.8 

.55 

— 

— 

132 

— 

1100 

8.4 

5.3 

130 

.00 

.04 

11.6 

46.9 

5.4 

0.5 

37.8 

.58 

— 

— 

149 

— 

1200 

6.9 

— 

140 

— 

— 

— 

47.0 

2.2 

0.2 

40.0 

.63 

— 

143 

— 

1300 

5.5 

5.0 

170 

.00 

.04 

— 

48.5 

1.4 

0.2 

40.0 

.49 

... 

133 

_ 

1400 

5.2 

5.1 

215 

— 

— 

11.0 

45.0 

1.6 

2.4 

35.8 

.10 

.30 

<.01 

130 

.083 

1500 

5.1 

5.1 

245 

.00 

.04 

— 

49.0 

2.0 

0.2 

39.5 

.56 

138 

— 

1600 

4.6 

10.3 

260 

.28 

.42 

10.4 

45.0 

2.0 

3.0 

46.5 

<.01 

— 

... 

147 

— 

1700 

4.6 

9.6 

300 

.04 

.20 

— 

42.0 

2.0 

6.8 

42.8 

<.01 

— 

— 

222 

— 

2000 

9.9 

— 

320 

— 

— 

— 

36.5 

6.2 

— 

33.6 

<.01 

.15 

<.01 

131 

.081 

2100 

10.0 

9.6 

310 

.08 

.22 

— 

34.5 

8.5 

7.7 

36.0 

<•01 

— 

133 

— 

2200 

10.0 

9.5 

290 

.06 

.22 

9.6 

32.5 

8.0 

8.5 

35.1 

<.01 

— 

— 

140 

2300 

9.9 

9.5 

270 

.06 

.18 

— 

29.0 

7.5 

5.1 

29.0 

<.01 

141 

— 

2400 

9.9 

9.4 

250 

.04 

.24 

— 

30.5 

6.5 

10.6 

31.8 

<.01 

143 

— 

*  CaCIt  injaction. 

«•  ValuM  Mtarminad  at  tima  of  aamplinf.  All  othar  racordad  valuaa  ara  from  lator  lab  analyaos. 


TABLE  XXVill 
TEST  8,  PHASE  IV 

X-RAY  OlFrRACnON  ANALYSIS  OF  MATERIAL  FILTERED* 
FROM  BOILER  WATER 

Tast  Day 


No. 

Tima 

Major 

Minor 

Tract 

4 

0800 

Cu 

— 

FcO, 

6 

0400 

Cu 

FejO, 

— 

7 

0600 

Cu 

— 

— 

8 

1400 

FejO, 

Cu 

Caj(P04)30H.  Cu,0 

•  0^5  micron  poro  sixa. 

Minor  pitting  (~1  mil)  was  found  at  various  sites 
in  both  test  loops  (Fig.  58).  No  hydrogen  damage  was 
observed. 

DISCUSSION  OF  RESULTS 

Deposits 

In  botli  of  the  two  previous  progress  reports,  ob¬ 
servations  and  trends  relating  to  the  deposition  of 
solids  were  indicated.  The  observations  on  deposits 


TABLE  XXIX 


TEST  8,  PHASE  IV 
BOILER  WATER  ANALYSIS 
HIDE-OUT  DATA 


Tast  Day 

SOa 

a 

POa 

Na 

Ca 

No. 

Tima 

ppm 

ppm 

ppm 

ppm 

ppm 

11 

1030 

8.6 

25.0 

8.4 

25.8 

<.01 

1130 

8.6 

23.0 

9.4 

23.4 

<.01 

1250 

8.6 

21.0 

7.4 

26.4 

<•01 

1410 

8.0 

21.0 

6.6 

25.8 

<.01 

1520 

9.0 

17.0 

11.2 

24.0 

<•01 

1620 

8.6 

19.0 

14.6 

27.0 

<-01 

1740 

9.0 

17.0 

10.8 

22.0 

<.01 

1900 

13.8 

17.0 

16.6 

26.4 

<•01 

2020 

13.6 

14.0 

14.0 

24.0 

<.01 

2140 

13.8 

12.0 

12.6 

22.4 

<.01 

2300 

13.2 

12.0 

25.4 

34.0 

<.01 

12 

0020 

13.6 

10.0 

26.4 

30.0 

<.01 

0140 

17.0 

9.0 

24.0 

28.4 

<.01 

0300 

14.0 

8.0 

22.2 

25.8 

<.01 

0420 

13.8 

6.0 

21.6 

24.6 

<•01 

0540 

13.8 

6.0 

21.2 

24.6 

<.01 

0700 

13.6 

5.0 

21.2 

23.0 

<.01 

082^ 

TS 

4.0 

20.8 

22.4 

<.01 

12l 

1".6 

3.0 

19.4 

18.0 

<.01 

TABLE  XXX 


TESTS, 

DEPOSIT 

X-RAY  DIFFRACTION  ANALYSIS 


Block  No. 

17A 

17B 

MAJOR 

FejOr 

FCjOr 

CajCPOiJjOH 

CastPOOiOH 

MINOR 

Cu 

Cu 

TRACE 

— 

SiO] 

•  Watar  aalubta  sodium  •■.1%— total  sodium  was  datarminod 
by  bollint  daposit  in  hydrochloric  acid. 


PHASE  IV 
ANALYSIS 

CHEMICAL  ANALYSIS 


Block  No. 

17A 

20A 

24A 

17B 

24B 

IGNITION 

GAIN 

GAIN 

GAIN 

GAIN 

GAIN 

SiOi,  % 

1.3 

0.5 

1.5 

0.3 

0.1 

Fe,0,.  % 

67.8 

72.1 

72.9 

66.0 

68.6 

Cu.% 

4.3 

5.0 

3.1 

3.0 

4.4 

CaO.% 

8.7 

13.2 

10.7 

9.3 

10.5 

’NaiO,  % 

1.9 

1.1 

0.5 

1.9 

1.1 

P2O5.  % 

14.1 

7.3 

9.0 

17.3 

14.2 
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TESTS  PHASE  IV  3/17/68  -  3/27/68 


U\/f\OA/'C&l  141  CTTAA*  OAAAnir 
iiiufwuun  ttY  aicnivi  omiTLC 


CaSO^  CaCU 

r  I  i— ^  ^ ^ 

Additions  ~~  ,  .■mil  niiiii!ifii?iiii  '  ' — ° - 

FeoOyi  &  Cu 

TESTS  PHASE  IV  3/17/68  -  3/27/68 
TUBE  CROWN  TEMPERATURE  RISE 


made  durinj;  Phase  IV  );eiierally  apree  with  these 
earlier  results. 

The  reported  relative  increase  in  deposition  with 
increasing  heat  flux  was  unironidy  valid  throughout 
the  program.  Aside  from  early  tests  in  Phase  II,  which 
were  run  with  <-orrosiun  pnalucts  only,  the  steam 
quality  of  the  cir<-ulating  (liiid  appeared  to  have  little 
effect  on  deposition.  No  significant  differences  in  deposit 
accumulation  was  noted  between  the  A  and  B  test 
loops  when  both  corrosion  products  and  condenser 
leakage  were  ityected  in  Phase  III  tests.  Phase  IV  test 


conditions  intnaiuced  another  variable,  mass-velocity, 
for  evaluation.  Within  the  range  tested  (“A”  loop  — 
.55  X  10”  lb  per  hr-ft-,  “B”  loop  —  .45  x  lO”  lb  per  hr- 
n^).  this  parameter  had  no  discHirnable  effect  upon 
deposition  or  «)rrosion. 

'I'he  increased  amount  of  corrosion  generally  ex¬ 
perienced  during  Phase  IV  made  the  trends  of  deposi¬ 
tion  .nore  difficult  to  evaluate,  in  most  cases,  the  large 
amount  of  corrosion  products  resulting  from  metal 
attack  reduced  the  relative  concentrations  of  material 
deposited  from  the  boiler  water  although  the  absolute 
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TEST  8  PHASE  IE 
PO4  vs  TIME 
OURINC  LOOP  SHUT-OOWN 


Fig.  56:  Plot  of  phosphate  hide-out  data  obtained 
during  shutdown — Test  8 


Fig.  57:  Deposit  on  tube  surface — Test  8 


quantities  of  these  materials  were  as  great  as  tiiose 
found  after  earlier  tests. 

The  significance  of  surface  fouling  was  ei..pliasized 
during  several  tests  in  both  Phases  III  and  IV.  It  was 
found  that  with  clean  test  surfaces  no  signiiicaiit  cor¬ 
rosion  occurred  under  seemingly  aggressive,  low  pH. 
boiler  water  conditions.  Once  corrosion  products  were 
injected  into  the  loop  the  same  contaminants  produced 
accelerated  attack. 


Magnesium  phosphate  is  generally  assumed  to  a 
“sticky”  material  which  tends  to  deposit  on  heat- 
transfer  surfaces.  A  test  employing  continuous  injection 
of  magnesium  chloride  into  the  boiler  water  with 
constant  sodium  phosphate  control  chemistry  through¬ 
out  the  two-week  operating  period  contradicts  this 
assumption.  Extremely  small  total  amounts  of  deposit 
accumulated  on  heat  transfer  surfaces  during  this  test. 
Chemical  analyses  of  these  deposits  indicated  less  than 
3  percent. 

It  was  repeatedly  found  that  preboiler  corrosion 
products,  added  during  testing,  produced  only  small 
increases  in  tubc-metal  temperature.  Various  data  also 
showed  that  phosphate  hide-out  did  not  occur  with 
clean  test  surfaces  even  in  DNB.  Once  surfaces  were 
fouled  with  ctirrosion  products,  precipitation  of  various 
salts  occurred  within  the  porous  matrix  of  these 
materials  and  significant  increases  in  tube  metal  tem¬ 
peratures  were  observed.  Test  6  of  Phase  IV,  which 
was  conducted  in  DNB,  illustrates  the  above.  Neither 
hide-out  nor  increases  in  metal  temperature,  other  than 
the  cyclical  oscillation  resulting  from  operation  in  the 
transitional  boiling  regime,  occurred  during  the  initial 
“clean  tube”  portion  of  the  test.  Once  corrosion  product 
fouling  had  been  induced,  phosphate  hide-out  occurred 
and  the  cyclical  temperature  oscillation  became  super¬ 
imposed  on  a  gradually  increasing  metal  temperature 
resulting  from  the  precipitation  of  salts  within  the 
deposit  matrix. 

Observations  and  data  on  deposition  have  substan¬ 
tially  expanded  our  understanding  of  this  subject. 
These  same  data,  however,  indicate  the  need  for  more 
detailed  study  of  high-temperature  surface  phenomena. 
Various  deposit  analyses  showed  that  both  amorphous 
and  unidentified  crystaline  phosphates,  tied  up  as 
sodium,  calcium,  magnesium,  iron,  or  complexes  of 
these  ions,  frequently  occurred.  The  existence  of  these 


Fig.  58:  Cleaned  tube  surface— Test  8 
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phases  was  established,  their  composition  was  not.  The 
deposition  of  particulate  matter  on  a  boiling  heat 
transfer  surface  was  established.  The  mechanism  pro¬ 
ducing  this  etTect  was  iiot.  Deposition  of  corrosion 
products  from  suspension  in  the  boiler  water  was 
affected  by  water  chemistry.  The  mechanism  causing 
this  remains  to  be  established. 

Corrosion 

The  data  from  the  entire  twenty-test  program  indi¬ 
cate  that  an  active  corrodent  other  than  water  was 
necessary  to  cause  significant  attack  of  the  boiler 
tubing.  Early  Phase  III  tests  under  high-quality,  high- 
fiux,  nucleate  boiling  conditions,  both  clean  and  with 
corrosion  product  fouling,  resulted  in  no  significant 
corrosion  from  the  water  itself.  A  Phase  IV  test  con¬ 
ducted  under  unstable  DNB  heat-transfer  conditions 
also  showed  that  water  by  itself,  even  under  these 
severe  operating  conditions,  did  not  produce  accelerated 
attack. 

Of  the  three  chemicals  used  for  boiler  water  treats 
ment  (ammonia,  sodium  phosphate,  and  sodium  hy¬ 
droxide),  only  caustic  proved  to  be  aggressive.  Caustic 
attack  occurred  during  several  tests.  The  most  dramatic 
of  these  resulted  in  a  gouging-type  failure  early  in 
Phase  III.  Less  severe  caustic  attack  occurred  during 
several  other  tests. 

The  extremely  high  corrosion  rates  which  resulted  in 
a  gou^ng  failure  in  the  high-heat-flux-test  section 
occurred  when  caustic  was  the  major  soluble  con¬ 
stituent  in  *he  boiler  water.  When  large  concentrations 
of  neutral  salts  were  also  present  in  solution,  lesser 
rates  of  attack  occurred.  Data  indicate  that  this  type 
of  attack  resulted  from  the  concentration  of  sodium 
hydroxide  to  aggressive  levels  within  deposits  on  the 
heat  transfer  surface. 

The  solution  concentration  at  a  iiietal  surface  is  a 
fui\ction  of  the  thermal  gradient  across  the  deposit  on 
the  surface.  The  total  salt  concentration  is,  therefore, 
deptnident  upon  three  physical  factors;  local  heat 
transfer  rate,  deposit  thickness,  and  the  thermal  con¬ 
ductance  of  the  deposit.  In  addition,  the  concentration 
of  a  specific  soluble  tnnstituent  is  a  futiction  of  its 
relative  concentration  in  the  bulk  fluid.  Heinx;.  for  a 
given  at,  the  concentration  of  caustic  and  the  resulting 
rate  of  attack  were  highest  when  caustic  represented 
the  major  fraction  of  tJie  di.usolved  solids  in  the  boiler 
water.  In  many  of  the  tests  which  employed  condenser 
leakage  with  caustic  treatment,  caustic  corrosion  oc¬ 
curred  alternately  with  acid  attack,  the  fonner  during 
the  16-hour  period  of  control  chemistry  and  tJie  latter 
during  the  period  of  condenser  leakage  injection.  High 
corrosion  rates,  which  occurred  from  acid  attack,  were 
reduced  by  caustic  control  chemistry.  Reductions,  how¬ 
ever.  were  not  to  base-line  zero  corrosion  values  and 
often  subsequent  increases  occurred  as  blowdown  re¬ 


duced  contaminant  salt  concentrations  in  the  boiler 
water.  It  may  be  see;i  from  the  hydrogen  data  that 
injections  of  condenser  leakage  and  the  initial  decrease 
in  pH  values  reduced  corrosion  rates  to  base-line  zero 
values  prior  to  the  initiation  of  high  rates  of  acid 
attack.  Presumably,  the  caustic  concentration  at  the 
deposit-metal  interface  was  neutralized  and  diluted 
when  condenser  leakage  was  initiated. 

Ammonium  hydroxide  was  not  aggressive.  However, 
data  showed  that  ammonia  was  ineffective  in  neutral¬ 
izing  acid  attack  caused  by  the  reaction  of  condenser 
leakage  contamination  in  the  boiler  water.  In  a  number 
of  tests,  condenser  leakage  which  normally  produced 
pH  excursions  to  the  4.0  to  4.5  range  was  initiated,  but 
control  chemistry  (pH  9.0)  was  maintained  with 
ammonia.  In  these  instances,  corrosion  progressed  un¬ 
affected  by  the  ammonia  concentration  in  the  boiler 
water.  This  phenomenon  is  explained  by  the  fact  that 
ammonia  exists  as  an  undissociated  (not  ionized) 
molecule  at  high  temperature  and,  thereby,  provides 
no  buffering  action  under  these  conditions  (4). 

Sodium  phosphate  treatment  provided  sufficient  al¬ 
kalinity  to  neutralize  the  effects  of  acid  condenser 
leakage  and  to  prevent  corrosion.  In  many  cases, 
phosphate  hide-cut  provided  stored  buffer  to  the 
system  which  prevented  corrosion  from  being  initiated 
within  the  eight-hour  period  of  condenser  leakage 
normally  employed.  If,  however,  condenser  leakage 
and  the  resulting  aggressive  conditions  were  main¬ 
tained  for  sufficient  time,  corrosion  commenced  follow¬ 
ing  the  dissolution  and  reaction  of  precipitated  phos^ 
phates  from  within  the  deposit  matrix.  As  condenser 
leakage  depleted  phosphates  from  solution,  the  chemical 
equilibrium  between  the  soluble  and  insoluble  phases 
was  upset  and  precipitated  phosphates  tended  to  re- 
dissolve  in  the  boiler  water.  Since  the  rate  of  hardness 
injection  equalled  or  exceeded  the  rate  of  dissolution 
of  the  phosphate  hide-out,  no  appreciable  concentra¬ 
tions  of  phosphate  were  detectable  in  solution. 

A  similar  phenomenon  was  observed  in  the  case  of 
sulfates.  The  final  test  of  Phase  IV  employed  calcium 
sulfate  contamination  during  the  first  week  of  operation 
and  calcium  chloride  for  the  remainder  of  the  run. 
During  the  period  of  sulfate  injection,  massive  sodium 
sulfate  deposition  occurred.  When  the  system  equilib¬ 
rium  was  changed  by  the  blowdown  of  soluble  sulfates 
and  the  injection  of  calcium  chloride,  dissolution  of 
precipitated  sodium  sulfate  occurred  in  quantities 
sufficient  to  sustain  5  to  13-ppm  concentrations  in  the 
boiler  water  for  the  remaining  week  of  the  test.  Cal¬ 
culated  concentration  decrease  by  blowdown  indicates 
that  the  soluble  sulfates  should  have  declined  to  the 
limit  of  detection  within  a  24-hour  period  following 
their  last  addition.  Upon  shutdown,  the  balance  of  the 
sodium  sulfate  hide-out  returned  to  solution  producing 
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30-ppm  wntpf  ''oncentratioHS.  These  data  are  cciisisicsit 
witii  the  findings  of  earlier  tests  in  which  it  was  observed 
that  sodium  sulfate  hide-out  was  normally  five  to  ten 
times  greater  than  sodium  phosphate. 

Earlier  progress  repo.ts  described  three  characteristic 
types  of  corrosion  fai!ur*8  Mhich  constitute  the  most 
severe  problem  in  Ingh-pressua  boilers.  These  v/ere: 

1.  Ductile  gouging 

2.  Hydrogen  damage  or  embrittlement 

3.  Plug-type  oxidation 

As  previously  noted,  ductile  gouging  was  induced 
and  studied  in  this  program.  Plug-type  oxidation, 
which  describes  the  physical  appearance  of  the  corrosion 
site,  has  been  observed  during  numerous  tests  and  was 
previously  reported.  Attempts  to  induce  hydrogen 
damage  so  that  the  phenomenon  could  be  studied  were 
unsuccessful  during  Phase  II  and  Phase  III,  however, 
three  of  the  Phase  IV  tests  resulted  in  hydrogen 
damage  of  the  test  tubing.  Test  1  with  fresh  water 
condenser  leakage.  Test  4  with  magnesium  chloride 
contamination,  and  Test  ,5  also  with  magnesium 
chloride  all  experienced  hydrogen  damage  at  some 
locations  and  plug-type  corrosion  without  damage  at 
other  sites. 

The  environmental  conditions  which  produced  each 
incident  of  plug-type  corrosion  and  each  incident  of 
hydrogen  damage  were  basically  similar.  Corrosion 
product  contamination,  and  condenser  leakage  which 
induced  a  pH  depression  from  control  conditions  to  a 
range  of  from  4.0  to  5.0,  brought  about  these  results. 

Sea-water  condenser  leakage.  Phase  IV  fresh-water 
condenser  leakage,  magnesium  chloride  solutions,  and 
calcium  chlorides  solutions,  all  produced  pH  excursions 
and  accelerated  attack  which  resulted  in  plug-type 
corrosion  sites.  In  the  case  of  fresh-water  condenser 
leakage  with  ammonia  treatment,  incipient  hydrogen 
damage  sites  were  found  randomly  distributed  at  cor¬ 
rosion  plugs  in  both  the  "A”  and  “B”  loops  in  the 
150.000-Btu  per  hr-sq  ft  and  110,000-Btu  per  hr-sq  ft 
zones.  Two  subsequent  tests  with  the  san.  contami¬ 
nants.  but  with  sodium  phosphate  and  sodium  hydrox¬ 
ide  treatment,  respe<*tively.  resulted  in  corrosion  with¬ 
out  hydrogen  damage  of  the  tube  metal. 

Two  tests  (sodium  phosphate  and  sodium  hydroxide 
Ireatment)  with  magnesium  (diloride  contamination 
resulted  in  total  fissuriiig  of  the  tube  metal  at  the 
Block  17  location  in  the  "A”  loop  and  varying  degrees 
of  damage  randomly  located  in  other  areas,  in  both 
coses,  high  corrosion  rates  existed  only  for  a  period  of 
appniximately  48  hours,  after  which,  in  the  first 
instam-e,  a  brittle  failure  occurred  and,  in  the  s«!c«)nd. 
an  early  shutdown  was  executed  to  avoid  failure. 
Corrosion  rates  in  the  fresh-water  ammonia  test  were 
not  as  great  as  the  two  magnesium  chloride  runs,  but 


al!  were  significaritly  higher  than  tests  which  resuMed 
in  plug-type  corrosion  alone.  A  valid  comparison  of 
these  three  experiments  to  the  Phase  III  sea- water  test 
with  volatile  treatment  is  not  possible,  since  this  run 
wa3  terminated  after  only  one  major  corrosion  cycle. 

The  occurrence  of  pH  excursions  as  a  result  of  the 
injection  of  soluble  salts  to  the  test  loop  is  fairly  clear 
cut  where  a  single  salt  was  injected.  .Magnesium 
chloride  produced  reductions  in  boiler  water  pH  by 
reacting  with  and  precipitating  phosphate  and  hydroxyl 
ions.  Once  the  soluble  phosphates  were  depleted,  mag¬ 
nesium  hydroxide  precipitation  reduced  the  pH  to 
values  of  4.0  to  5.0.  Continued  injection  of  magnesium 
chloride  at  these  minimum  pH  values  resulted  in  in¬ 
creasing  concentrations  of  soluble  magnesium  in  the 
boiler  water.  Similar  excursions  accompanied  the  in¬ 
jection  of  calcium  chloride.  The  minimum  pH  reached 
was  approximately  equal  to  that  resulting  from  mag¬ 
nesium  chloride  injection.  The  reactions  are  considered 
to  be  similar.  These  reactions  may  be  written  as  follows: 

-MgCI.  +  2  HOH  =i  .Mg(OH)s  -|-  2  HCI 

CaCU  +  2  HOH  ==  Ca(OH)j  +  2  HCI 


In  both  cases,  the  high-corrosion  rates  which  occurred 
indicated  that  hydrochloric  acid  was  ionized  at  oper¬ 
ating  conditions  and  that  the  acid  was  concentrated 
within  the  deposit  at  the  metal  surface.  Hydrogen  and 
temperature  data  indicate  that  each  daily  corrosion 
cycle  produced  an  increase  in  deposit  thickn(>ss  and  a 
(■orresponding  higher  thermal  diiferential  across  the 
deposit,  which  resulted  in  increasing  corrodent  con¬ 
centrations  at  the  surface  and  corrosion  rates.  This 
eifect  is  generally  true  except  when  phosphate  hideout 
progressively  increased  with  deposit  growth,  and  the 
duration  and  magnitude  of  cor--  'on  cycles  decreased 
within  the  fixed  period  of  contan....ant  injection. 

Calcium  sulfate  also  brought  about  pH  e.xcursiuns 
in  the  4.0  to  5.0  range,  however,  no  corrosion  occurred 
even  when  the  injection  period  was  extended  to  ap¬ 
proximately  32  hours.  This  extended  injection  period 
was  maintained  to  detennine  whether  phosphate  hide¬ 
out  could  be  suppressing  the  initiation  of  corrosion. 
Data  suggest,  that  calcium  hydroxide  precipitation 
occurs,  leaving  an  acid  sulfate  (HSOO  in  solution.  The 
acid  sulfate  is  apparently  not  ionized  al  operating 
temperature  and.  therefore,  dues  nut  constitute  an 
active  corrodent.  I'pon  cooling  the  boiler  water  sample, 
io:*5»at:s:;  occurs,  giving  the  measured  low-pH  indica¬ 
tion  and.  thereby  suggesting  an  aggressive  boiler-water 
«'ondition.(5) 

The  deposits  found  in  all  plug-type  corrosion  sites 
weie  physically  similar.  The  lube  metal  was  coated 
with  a  dense,  brittle,  end  adherent  layer  of  corrosion 
pnidiicts  funned  from  the  tube  wastage.  Over  this 
layer  or  series  of  layers,  a  relatively  loose  deposit 
nHUiHistHl  of  externally  generated  corrosion  products 
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[ntpreper^d  with  precipitates  of  various  salts  nss 
normally  found.  Chemically,  the  inner  deposits  next  to 
the  metal  were  almost  entirely  magnetite  in  all  cases. 
The  outer  deposit  varied  in  composition  depending 
upon  the  type  of  contaminants  and  the  boiler  water 
treatment  employed.  At  all  sites  of  hydrogen  damage 
and  at  many  of  the  plug-type  corrosion  sites,  the  inner 
deposit  was  composed  of  multiple  strata  of  magnetite 
separated  by  partial  voids.  Crystallites  of  magnetite 
were  identifled  in  these  void  spaces,  and  in  some  cases, 
small  amoutits  of  plated  copper  were  noted  in  the  voids 
furthest  from  the  tube-metal  surface.  From  these  ob¬ 
servations,  it  appears  that  neither  the  composition  of 
the  outer  deposit  nor  the  presence  of  copper  plays  a 
major  role  in  the  corrosion  process  which  produces 
both  plug-type  corrosion  and  hydrogen  damage. 

In  all  of  the  previously  referenced  tests,  pH  excur¬ 
sions  were  permitted  to  occur.  Particularly  aggressive 
conditions  resulted  from  the  injection  of  magnesium 
chloride  when  control  chemistry  was  not  maintained. 
In  order  to  determine  whether  corrosion  could  be  suc¬ 
cessfully  controlled  during  magnesium  chloride  leakage, 
a  test  was  run  with  sodium  phosphate  treatment  and 
contamination  for  a  two-week  period.  Neither  corrosion 
nor  significant  deposition  was  observed  after  two  weeks 
of  cotitinuous  hours  per  day)  addition  of  magnesium 
chloride  when  sodium  phosphate  control  chemistry  was 
maintained. 

Data  indicate  that  the  occurrence  of  hydrogen 
damage  is  directly  related  to  corrosion  rate.  Corrosion 
rate  controls  the  rate  of  hydrogen-ion  reduction  which 
controls  the  hydrogen  diflfusion  rate  through  the  metal 


within  the  narrow  range  of  meiai  temperature  of  these 
experiments.  The  random  occurrence  of  decarburized 
and  fissured  metal  at  some  corrosion  sites  and  not  at 
others,  and  in  some  tests  and  not  others  with  similar 
environmental  conditions,  is  explained  on  the  basis  of 
local  rates  of  attack.  When  local  attack  was  sufficiently 
great,  diffusion  rates  and  corresponding  hydrogen  con¬ 
centrations  in  the  steel  increased  to  the  point  at  which 
hydrogen-carbon  reactions  were  initiated  and  continued 
until  significant  decarburization  and  fissuring  occurred. 

Equally  high  corrosion  rates  were  experienced  with 
caustic  attack  as  well  as  the  acid  attack  discussed 
above.  Hydrogen  damage  was  not  found  under  these 
conditions.  This  apparent  contradiction  is  explained  by 
the  location  of  the  cathode  in  the  electro-chemical  cell. 
Figure  39  illustrates  the  concentration  gradient  which 
occurs  across  deposits  on  heat  transfer  surfaces  and  the 
electro-chemical  cells  set  up  in  the  corrosive  environ¬ 
ments  being  discussed.  Since  both  types  of  corrosion 
involve  hydrogen  ion  reduction,  hydrogen-ion  concen¬ 
tration  has  a  direct  effect  upon  the  site  of  the  cathode. 
In  the  case  of  acid  attack,  the  hydrogen  ion  concentra¬ 
tion  is  highest  under  the  deposit  where  the  boiler  water 
contaminants  are  concentrated.  In  the  caustic  corrosion 
situation,  the  hydrogen  ion  concentration  is  highest  in 
the  bulk  stream  since  sodium  hydroxide  is  concentrated 
within  the  deposit.  With  the  cathode  at  a  localized 
corrosion  site  under  the  deposit,  sufficiently  high 
hydrogen  concentrations  and  diffusion  rates  are  possible 
for  the  induction  of  hydrogen  damage.  These  conditions 
were  less  likely  to  occur  with  the  cathode  at  a  location 
exposed  to  the  bulk  fluid. 


lA)  (B)  (C) 

Pig.  59:  llhsirafion  of  fc)  femporatvn  and  concentration  gradient  at  a  fouled  heat  transfer  surface  (b)  local  corrosion 
cell  in  an  acid  environment  (c)  local  corrosion  cell  in  a  caustic  environment 
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Heat  Transfer 

Figures  4  and  3  indicate  that  departure  from  nucleate 
boiling  can  be  characterized  by  either  a  critical  heat 
transfer  rate,  (Q/A)crtt,  or  a  critical  local  flowing  mass 
quality,  Xcrtt.  sometimes  listed  as  XDNB.  An  interpre¬ 
tation  of  the  trends  of  these  critical  parameters  can  be 
developed  by  a  review  of  the  various  physical  phe¬ 
nomena  leading  to  the  critical  conditions. 

Observations  of  the  boiling  and  nucleation  phe¬ 
nomena  on  a  heat-transfer  surface  shov<  that  there  arc 
only  a  few  sites  producitig  bubbles  at  iow-heat-transfer 
rates.  As  the  heat-transfer  rate  is  increased,  the  number 
of  nucleating  sites  also  iinireases.  It  is  found  that,  at 
higher  heat-transfer  rates,  the  steam  being  released 
from  the  now  closeiy  spaced  nucleating  sites  no  longer 
separates  from  the  surface  as  bubbles,  but  forms  a 
semi-stable  blanket  of  steam.  The  heat-transfer  process 
becomes  severely  limited  by  the  formation  of  the  steam 
blanket.  This  restriction  to  the  heatrtransfer  system 
shows  up  as  a  signifleant  increase  in  the  temperature  of 
the  heat-transfer  surfaces;  i.e.,  the  boiler  tubing  being 
discussed  here.  The  relative  magnitude  of  this  te  npera- 
ture  increase  is  indicated  on  Fig.  4.  where  the  tube 
metal  temperature  under  conditions  of  DNB  is  com¬ 
pared  to  an  assumed  extrapolated  condition  of  nucleate 
boiling. 

The  occurremxj  of  steam  blanketing,  or  DNB,  can  be 
«>orrelated  by  an  analysis  of  the  rate  of  steam  generation 
on  the  one  hand  and  bubble  release  factors  on  the  other. 
In  general,  the  rate  of  steam  generation,  us  a  function 
of  Q/A,  can  be  characterized  by  physical  phenomena: 
number  of  nucleating  sites,  size  of  bubbles,  frequency 
of  bubble  release,  and  surface  temperature.  However. 


G-lb/hr-ft^ - 

Fig.  60;  Effect  of  heaf-fransfer  rates  on  other  critical 
DNB  parameters 


bubble  size  and  release  frequency  are  strongly  con¬ 
trolled  by  the  momentum  of  the  bubble,  fluid  surface 
tension,  and  buoyancy.  These  factors  will  subsequently 
be  described. 

The  momentum  force  is  generated  as  the  bubble 
grows  through  the  resultant  movement  of  its  center  of 
mass  with  respect  to  the  surface.  This  force  is  perpen¬ 
dicular  to  the  heat-transfer  surface.  Surface  tension 
provides  the  primary  c-ontrol  of  the  bubble  size,  but 
also  cHintributes  a  release  force  when  the  bubble  is 
pinched  off.  Buoyancy  is,  of  course,  a  strong  bubble 
release  force,  but  is  modifled  by  surface  orientation  with 
respect  to  gravity.  All  of  these  factors  are  operative  iti 
non-flowing  or  “pool”  boiling-heat-transfer  systems. 
An  additional  factor  which  must  be  considered,  in 
commercial  steam  generatitig  equipment,  is  the  bene¬ 
ficial  momentum  effect  of  the  bulk  fluid  as  it  flows  past 
the  steam  release  surfaces.  An  overall  interpretive 
analysis  indicates  that  nucleate  boiling  exists  when  the 
bubble  release  mechanisms  arc  capable  of  removing 
the  volume  of  steam  being  produced. 

The  DNB  data  format  presented  in  Fig.  5  has  been 
expanded  in  Fig.  60  to  include  the  relative  effects  of 
increasing  heat  transfer  rates,  ((//A).  The  trends  of 
Fig.  60  can  be  interpreted  with  respect  to  the  above 
described  phenomena. 

At  a  given  mass  flow  rate.  (»,  the  total  weight  of 
fluid  flowing  past  a  referenie  location,  must  be  constant. 
That  is.  the  weight  of  water  plus  the  weight  of  steam 
is  a  constant  irrespective  of  the  local  mass  (]uality. 
Assuming  a  consta.ut  value  of  (i.  an  increasing  mass 
quality  results  in  an  increase  in  the  mass  flow  of  the 
steam  phase  and  a  corresponding  reduction  in  mass 
flow  of  the  liquid  phase.  Reducing  the  li(|uid  mass  flow 
raO'  then  reduces  the  bulk  fluid  momentum  effect  in 
the  bubble  release  system.  The  result  is  that 
must  decrease  with  increasing  steam  quality  at  a  con¬ 
stant  mass-flow  rate,  it  may  also  be  seen  from  the 
above  that  increasing  the  total  mass  flow.  G.  of  the 
mixture  produces  a  beneficial  effect  oti  the  critical 
DNB  parameters,  but  not  to  the  extent  that  might  be 
expected.  .\n  interpretation  of  this  data  trend  will  be 
presented  later. 

Most  of  these  protresses  which  are  related  to  the 
tHrurrence  of  DNB  are  p-iriodic  phenomena.  The 
initiation  of  DNB.  or  steam  bnnketing.  is.  therefore, 
unstable  because  cyclic  cha-ges  between  nucleate 
boiling  and  steam  blanketing  occur.  This  periodic 
change  of  boiling  mode  produced  the  fluctuations  in 
tube-metal  temperature  reported  and  illustrated  in 
Figs.  6  and  61 . 

Phase  I  testing  produced  two  other  interesting 
results.  First,  the  (|uality  at  which  DNB  was  initiated 
was  significantly  higher  than  most  of  the  data  reported 
in  tlie  literature  at  that  time.  Second,  as  noted  pre- 
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Fig.  61i  Typical  Itmperahtn  response  with  control  levels 
on  Dm 


viously,  variations  in  mass  How  did  not  have  a  very 
strong  effect  on  the  critical  parameters. 

.Many  sources  have  reported  on  the  importance  of 
the  physical  iUstribmion  of  the  steam  and  water  phases 
in  the  boiling  heat  transfer  aystein.  Some  consistency 
in  the  ('orrelation  of  boiling  heat  transfer  data  was 
obtained  by  an  evaluation  of  the  two-phase  flow 
regime.  Flow  regimes  are  typically  described  as  sub¬ 
cooled  boiling,  bubble  flow,  slug  flow,  annular  flow, 
and  mist  flow.  The  interpretation  derived  from  the 
results  of  P*-ase  I  was  that  commercial  steam  generating 
boiler  tubing  operatc's  predominantly  iit  the  a'inular 
flow  regime.  In  ai.-nuia«  flow,  most  of  tf«e  water  moves 
along  the  inside  surface  of  the  boiler  tjibe  and  most  of 
the  steam  moves  as  a  high-velocity  <‘ore  through  the 
center  of  the  tube.  The  steam  phase  can  move  tlmiiyh 
the  boiler  lube  at  a  velwlty  two  to  five  time?  faster 
than  tilt  water.  A  thermodynamic  analysis  shows  thnl 
the  steam  quality  in  tiie  boiling  nhn  of  water  on  the 
tube  walls  can  be  significantly  less  than  tiial  indicated 
by  a  simple  heat  balance.  In  additioi^  the  mass  velocity 
of  the  mixture  does  not  reccssarily  describe  tJie  ».iass 
velocity  of  the  boiling  film  cf  water  on  the  fidn;  wall. 
The  indications  of  the  results  of  Phase  5  are  that  the 
imposed  variations  in  mass  flow  primarily  affecUd  the 
high  velocity  steam  core  and,  therefore,  productid  only 
a  minimal  effect  on  the  DNB  phenomena  widiin  the 
annular  film  of  water  on  the  tube  wail. 

Phase  1  test  data  indicated  that  (he  luicleate-boiliiig 
film  temperature  drop  was  in  the  range  of  5  to  l.o  F  for 
the  heat  transfer  rate  (Q/A)  =-  l.oO.OOO  Btu  per  hr- 
sq  ft.  Hence,  tin  equivalent  heat  transfer  film  i-o- 
efficieiit.  for  this  system  ranges  frtun  h  =  I0,0(M>  to 


■30,000  Btu  per  hr-sq  ft-F.  Published  data  indicate  lhat 
the  film  cocfTicient  associated  with  film  Ixiiling  and 
DNB  is  in  the  range  of  from  h  =  500  to  1,000  Btu  per 
hr-sq  ft-F.  The  resultant  temperature  drop  across  the 
“boiling”  film  in  DNB  at  the  same  heat  llux  is  130  F 
to  300  F.  Table  .KXXI  lists  calculated  metal  tempera¬ 
tures  for  film  boiling  at  the  corrosion  test  conditions. 
These  values  are  found  to  be  consistent  with  the  tem¬ 
perature  trends  shown  by  Fig.  6.  The  data  indicate 
that,  at  (Q/A)tHi  or  (XDNB),  nucleate  boiling  co,i- 
ditioMS  predominate  on  a  time  average  basis. 

TABLE  XXXI 

to  bo  Expectod 


Nucleate 

in  Film  Boiling  or  DNB 

Boiling 

(min) 

(max) 

t  bulk  fluid 

674  F 

674  F 

674  F 

At  film 

15  F 

150  • 

300  F 

At  tube  wall 

88F 

t;aF 

t  outside  tube  surface 

777  F 

912  F 

1062  F 

Phase  !  established  the  nonnal  boiling  and  critical 
heat-transfer  parameters  for  clean  boiler  tubing.  Phase 
III  test  procedures  rc-quired  that  preboiler  corrosion 
products,  in  the  form  of  a  eluny  of  black  magnetic 
oxide  and  copper,  be  ad  led  to  the  lo'jp.  Shortly  after 
the  first  introduction  of  the  shirry,  the  “A”  loop  test 
sectior.  experienced  DNB  at  the  .’>0  to  35  pert;cnt 
operating  quality  conditions  shown  in  Table  Hi.  It 
w.as  found  that  the  top  ((uaiity,  X-  of  Table  III,  l>ad 
to  be  reduced  to  28  to  29  percent  to  eliminate  DNB. 
This  condition  was  iiol  expected  on  the  basis  of  the 
Phase  1  results. 

Figure  52  illustrates  the  variations  in  XDNB  which 
occurred  as  a  reault  of  additions  of  rorrosion  products 
to  the  test  loop.  The-  initial  reduction  of  the  value 
XD.NB  iiKVeased  to  some  intcsinediatc  level,  but  was 
subsequently  reduced  by  further  batch  additions  of 
coiitair.iriaiits. 

A  kxip  upset  was  experienced  at  1 1  :(HI  .AM  during 
tlie  second  day  as  shown  in  Fig.  62.  Tiie  hx»p  upset  was 
initiated  by  a  low'-water  condition  in  tlf*  drum  m.d  a 
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Fig,  62  History  of  cntk\?i  qootify  with  o  “Wor  Meter'* 
environment 
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CORROSION  SUMMARY 

Phase  II  Phase  III  Phase  IV 

A  8  C 

123  123  1  2  3  123  1234  5678 


No  corrosion  XXXXX- 

Caustic  attack  _  _  _  _  _  Total  Trace  Trace 

Plug-type  oxidation  -  --  --  - 

Hydrogen  damcc®  -  --  --  - 

siiliserjiieiit  How  surge  in  the  test  sections.  Coiitaiiiinaiit 
materials,  whicii  liad  dropped  out  in  the  quiescent 
spaces  of  the  drum,  were  re-entrained  in  tlie  boiler 
water  producing  a  massive  black-water  condition.  The 
How  surge  then  produced  a  transient  (piality  level  in 
Ixrlhoftho  test  sections  which  at  that  time  approached 
clean  tulx-  DiMJ  quality. 

The  combined  conditions  of  high  (]uatity  and  ble<-k 
water  produced  DNB  which  required  immediate  reduc¬ 
tion  in  loop  quality  to  prevent  the  occurrence  of  e.x- 
cessive  tulje-metai  temperatures.  Xi  had  to  Ite  reduced 
to  a  20  |)erceiit  quality  level  to  eliminate  the  D.\H  in 
the  loop.  Once  out  of  DXB,  it  was  found  that 
tpiality  could  then  bt*  immediately  increased  to  the 
norma!  o|)erating  level  of  \  28  to  29  percent. 

The  data,  pioduced  by  the  loop  transient,  indicated 
the  e.vistence  of  u  strong  hysteresis  effect.  As  a  check. 
\i  in  the  "A"  loop  was  increased  to  produce  DNB. 
which  occurred  at  .'•5  iKTcent  quality.  DNB  could  not 
then  !)e  eliminated  until  the  quality  was  reduced  <o 
81  iwrcent.  This  last  check  was  repeated  several  times 
with  the  same  results,  showing  that  a  signilicant  quality 
reduction  was  re(|uired  to  eliminate  DNB  with  this 
hiack-water  condition.  On  the  basis  of  these  results  the 
o|K‘rating  lex  els  of  Fig.  62  wcfe  established. 

Black-xvater  DNB  and  the  observed  hysteresis 
effects  are  interpreted  on  the  basis  of  the  e.xistence  of 
a  iK'fous  de{)osit  on  the  heat-transter  surface.  .Appar¬ 
ently.  nucleate  bcilisig  occurs  under  '.he  porous  deposit 
at  nonnal  conditions.  However,  a  poixjus  deposit 
cicates  a  r<«tn»int  on  bubble  release.  Tlius,  DN'B  xvill 
wcur  at  a  lower  gioss  quality  than  an  erjuivalent 
clean-tube  system.  Further,  once  DNB  is  initmted.  the 
steam  Him  iK’comes  stabilized  by  the  dj^Hwit  producing 
a  more  sev«-rc  increase  :n  temperature,  riie  s>eam  film 
is  essentially  trapped  xvithin  the  deposit  and  a  signifi¬ 
cant  reduction  in  quality  is  required  to  (xermit  release 
of  the  sieain.  Tins  gross  redui  lion  in  (piality  is  the 
obsi'rved  hysteresis  effect. 

SFMMABY  OF  BliSl  LTS 
OF  PHASftS  II.  III.  AND  lA 

Tabic  \.\XH  lists  the  results  ’’i  terms  of  corrosion 
of  the  20-tc.sl  research  pcc Train.  Signiricaiit  »bscr\a- 
lions.  many  (if  ’vl.ich  have  pnxiously  been  rcjxjrtcd. 
arc  sviiiimarted  le-iow : 


--  -  -  _-  -  -  XX 

Trace  -  -X  -  -X  -  X  -  - 

XXX  XXX  X  X-  -  Trace 
-  -  -  X  -  -  Total  Total  -  - 

1.  Deposition  of  boiler  water  eontandnants,  both 
simulated  preboiler  corrasion  products  and  con¬ 
denser  leakage,  (XTurred  primarily  on  the  heated 
portions  of  the  test  surfac'es. 

2.  With  few  c.xceptions.  preboiler  corrosion  products 
deposited  from  suspension. 

3.  The  amount  and  location  of  preboiler  corrosion- 
prodnet  deposition  was  affected  by  boiler-water 
treatment  and  the  presence  of  condenser  leakage. 

t.  Deposition  of  preboiler  corrosion  products  was 
greater  in  the  *“.A”  loop  (23  to  35  percent  quality) 
than  ill  tiie  “B*’  loop  (8  to  20  percent  quality)  at 
identical  conditions  of  water  chemistry,  beat  Hu.x. 
mass  velocity,  and  pressure.  The  formation  of 
deposits  resulting  from  condenser  leakage  was  not 
apprc(‘iably  affected  by  mixture  (juality;  approxi¬ 
mately  e(]ual  amounts  of  these  materials  having 
b(>eii  found  at  similar  locations  in  botli  the  “A” 
and  “B”  loops. 

5.  Within  a  four-block  test  section,  deposition  of  pre¬ 
boiler  corrosion  products  increased  with  mixture 
quality  at  constant  beat  flux  (i.e.,  block  20  >  19  > 
18  >  17  and  block  24  >  23  >  22  >  21).  Deposi¬ 
tion  of  cxmdeiiser  leakage  constituents  was  not 
clearly  affected  by  increasing  mixture  quality 
xvithin  (;ach  section. 

6.  Within  each  test  S(.'cti*in.  tlie  deposition  of  both 
preboiler  corrosion  products  and  condenser  leakage 
was  greater  in  the  high-hcat-Hiix  zone  (blocks  17 
to  20.  at  150.000  Btu  per  iir-sq  ft)  than  in  the 
loxv-heat-Hux  zone  (blocks  21  to  24.  at  110.000 
Btu  p«T  hr-sq  ft). 

7.  Willii  1  the  range  tested  (0.45  x  10"  to  0.55  x  10'’ 
lb  per  lir-s({  ft),  mass  xelu'ity  had  no  discernible 
effect  upon  de{)osition  or  coirosioii. 

8.  Nolatilc  treatment  permitted  the  fonnation  of 
diHicult  to  remove  deposits.  The  deposits  fonned 
xvitli  this  type  lioiler  vater  treatment  had  higiicr 
(xiiicentratioiis  of  precipitated  hardness  and  silicon 
coiiqKiunds  than  xvitli  coordinated  phosphate  or 
free  caustic  Ixxiler  xvater. 

9.  ('.(Kirdiiia'cd  phosphate  and  free  caustic  treatment 
reduixtl  the  amount  of  dc|K)sition  and  resulted  in 
h-ss  objectionable  deposits  from  the  standpoint  of 


43 


cleaning  when  fresh-water  coridenser  leakage  was 
introduced  to  the  test  boiler. 

10.  No  objectionable  deposits,  from  the  standpoint  of 
quantity  or  composition,  were  formed  on  heat- 
transfer  surfaces  with  continuous  magiiesimii  hard' 
ness  injection  when  sodium  phosphate  contiol 
chemistry  was  maintained. 

11.  In  all  cases,  when  corrosion  was  experienced,  prior 
fouling  of  heat-transfer  surfaces  was  tiecessary  for 
the  initiation  of  attack.  When  heat-transfer  sur¬ 
faces  were  free  of  deposits,  no  corrosion  oteunred 
independent  of  heat-transfer  conditions  atid  water 
chemistry. 

12.  No  corrosion  occurred  within  a  wide  range  of  test 
conditions  when  sodium  phosphate  control  chem¬ 
istry  was  employed.  Neither  fouled  surfaces  and 
magnesium  chloride  injection  nor  fouled  surfaces 
and  DNB  operation  induced  aiiy  attack. 

13.  When  volatile  treatment  was  employed  with  fouled 
heat-transfer  surfaces  and  without  condenser  leak¬ 
age,  no  corrosion  occurred. 

14.  With  free  caustic  boiler  water  treatment,  the  initml 
deposition  of  preboiler  corrosion  products  on  heated 
tube  surfaces  initiated  caustic  attack.  Subsequent 
formation  of  additional  deposits  resulting  from 
corrosion  of  the  metal  sustained  and  finally 
accelerated  the  com'sion  rate. 

15.  Plug-type  conx^u,  and  in  soma  cases  plug-type 
conosiun  with  hydrogen  damage,  occurred  when 
acid  producing  condenser  leakage  was  employed 
with  fouled  heat-transfer  surfaces. 

15.  The  pH  reduction  of  boiler  water  resulting  frean 
condenser  leakage  caused  O3rto6ion  and  damage 
with  all  types  of  chemical  treatment.  However- 
corrosion  rates  tx)uld  be  elfectively  reduced  by 
elevating  the  pH  with  sodium  phosphate  or  sodium 
hydroxide.  Once  the  heat-transfer  surfaces  i*ad 
become  sufficiently  fouled,  the  iiitrodu'tion  of 
sodium  hydroxide  to  arrest  corrosion  resulted  in 
caustic  attack. 

17.  Phosphate  hideout  became  more  pronounced  with 
the  accumulatioi*  of  deposits  on  heai-transfer 
surfaces.  No  corrosiojj  was  associated  with  its 
omirrciite. 

18.  The  chemical  comporition  of  deposits  on  in*al- 
transfer  suifaces  varied  signifisaiitly  from  those 
found  on  unheated  areas. 

19.  Deposition  of  coiitaininaiits  resulted  in  DNB  where 
niideale  boiling  had  been  experienced  witit  clean 
test  surfaces.  This  effect  was  temporary  simx;  it  was 
observed  that  the  depressed  value  of  critical  quality 
recovered  over  a  period  of  several  lumrs  subsequent 
to  the  addition  of  contaminant. 


CONCLUSIONS 

Sssc-d  Upon  the  resulto  of  this  “nesearch  Study  on 

Internal  Corrosion  of  Hign  Pressure  Boilers"  the  follow¬ 
ing  cotxiusions  have  been  made: 

1.  The  contamination  cf  boiler  water  by  condenser 
leakage  can  result  in  attack  and  corrosion  failures 
of  boiler  tubing  after  relatively  short  periods  of 
operation.  The  corrosivity  of  specific  condenser 
coolants  may  be  evaluated  on  the  basis  of  data  and 
obaervatiot»  presented  in  this  report.  Selection  of 
methods  of  boiler  water  treatment,  instnunentation 
for  detection,  automatic  control  and  alarm  systems, 
and  a  planned  course  of  corrective  action  should  be 
engineered  based  upon  these  factors. 

2.  Acid-producing  condenser  leakage  can  result  in 
accelerated  attack  of  boiler  metal.  If  local  corrosion 
rates  are  sufficienlly  high,  hydrogen  damage  failures 
are  likely.  Ductile  failures  resulting  from  over¬ 
heating  at  “plug-type"  corrosion  sites  will  occur  in 
the  same  environment  when  local  corrosion  rates 
arc  less  severe. 

3.  Ammonia  is  applicable  for  boiler  water  treatment 
only  when  there  are  no  soluble  boiler  water  con¬ 
taminants.  VoIaUio  treatment  provides  little  or  no 
buffering  action  at  high  temperature,  therefore,  even 
low  contamino'it  concentrations  may  create  a  cor¬ 
rosive  envuonment.  pH  measurements  are  not 
valid  contrcl  parameters  under  these  conditions. 

4.  Sodium  hydroxide  solutions,  when  sufficiently  con¬ 
centrated,  are  aggressive  to  carbon  steel  boiler 
tubing.  Normal  caustic  concentrations  employed  for 
boiler  water  treatment  are  not  corrosive,  but  the 
concentrating  effect  of  internal  deposits  can  lead  to 
accelerated  atta'-Ji . 

>5.  Sodium  pho^hate  proved  to  be  the  most  effective 
boiler  water  treaUnent  chemical  evaluated  in  this 
re?e£Jch  prograiu.  Maintenance  of  boiler  water  pH 
111  the  range  of  9.3  to  lO.O  and  phosphate  concentra- 
tiDJis  of  from  5  to  10  ppm  provided  corrosion  protec¬ 
tion  from  potentially  aggresrive  condenser  leakage 
and  roiiumized  the  deposition  of  calcium  and  mag¬ 
nesium  compounds.  Sodium  phosphate  was  not 
aggressive  to  boiler  metal  even  when  concentrBt»Hl 
to  the  lunH  of  its  solubility  and  hideout  occurred 
within  Um*.  matrix  of  deporits  on  heat-transfer 
sOrl'ei-es, 

6.  A^^ravated  heat-’lratjsfer  and  flew  conditions  do  not 
cause  attack  of  boiler  inetai  in  Ihe  absence  of  an 
active  tonodsnt.  No  detectable  evidence  of  cor- 
nriion  wxa  found  tmr  increases  in  wrrosion  raty 
observed  after  testing  i:«  the  trans^Uonal  Louing 
i.;gbic  beyond  the  threshold  v/  departure  from 
nucleate  boilifig  fur two-wcek  period 
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7.  Major  corrosion  damage  of  (ligh-pressure  boiler 
tubi'ig  tM-curs  si  a  resyh  of  fouled  heat-transfer 
surfaces  and  a;i  active  currodent  in  the  boiler  water. 
The  thermal  gradient  across  deposits  produces  in¬ 
creased  corro<Jenl  coiicentratioiis  within  the  deposit 
and  corresponding  increased  rates  of  metal  attack. 
The  susc-'Otibility  of  high-preesure  boilers  to  major 
corrosion  damage  may  be  reduced  by  minimizing 


the  ingress  of  deposit  fomiing  materials  with  the 
feedwater  and  by  performing  periodic  removal  of 
internal  deposits. 

8.  Deposition  of  corrosion  products  on  heat-transfer 
surfaces  can  produ(»  an  impairment  to  the  normal 
boiling  processes.  Under  this  condition,  a  departure 
from  nucleate  boiling  can  be  initiated  below  meas¬ 
ured  clean  tube  DNB  parameters. 
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